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Dankwoord
Het onderzoek op het Tanganyikameer was mijn eerste contact met het Afrikaanse 
continent. Na de in totaal 5 veldmissies is het moeilijk om onberoerd te blijven onder de 
problemen van de regio en het Tanganyikameer speelt hier ontegensprekelijk een onmisbare rol 
in. Het meer is een belangrijke ader voor handel en transport en is zelf de belangrijkste bron van 
de handelswaar, vis. Transport gebeurt grotendeels via schepen die overblijven uit de koloniale 
tijd en via houten boten die op ‘the african way’ volgeladen worden en aan de grillen van het 
meer en het weer overgeleverd zijn.
Visserij is niet weg te denken uit de regio en gebeurt in Tanzania voornamelijk op de 
‘artisanale’ manier (met behulp van zogenaamde liftnetten), terwijl in Zambia de visserij 
gecontroleerd wordt door een 5-tal industriële visserijen die vaak in handen zijn van 
buitenlandse ondernemers.
Wie enigszins vertrouwd is met Afrika of ooit de films Congo River of Le Cauchemar de 
Darwin gezien heeft zal zich niet van het idee kunnen ontdoen dat zowel het transport over 
water als de visserij van levensbelang zijn voor vele Afrikanen. De regio heeft overduidelijk 
nog een lange weg te gaan wat ontwikkeling betreft, maar ik hoop uit de grond van mijn hart 
dat de plaatselijke bewoners van de regio nog lang de vruchten van het meer kunnen plukken en 
niet overgeleverd worden aan buitenlandse bedrijven die enkel uit zijn op winstbejag en zoals in 
het Victoriameer de vis doorsluizen naar de meest biedende (in het geval van het Victoriameer 
de Europese markt) en enkel de vissenkoppen overlaten voor de plaatselijke bevolking.
Duurzaamheid heeft soms een vreemde bijklank op het Afrikaanse continent, maar is des te 
belangrijker wanneer we dit unieke ecosysteem geen onherstelbare schade willen toebrengen. 
En hier speelt onderzoek dan weer een belangrijke rol in... Nemen erosie en sedimentinput 
gevaarlijke proporties aan voor de benthische biotopen, zijn er reeds tekenen van eutrofiëring, 
hoe functioneert het meer en wat is de invloed van klimaat en klimaatsverandering op het meer? 
Allemaal belangrijke vragen die er hopelijk kunnen toe leiden dat zowel de lokale bevolking als 
de internationale gemeenschap aandacht krijgen voor de problematiek van het meer en middelen 
willen inzetten voor de vrijwaring van dit unieke systeem. De huidige onderzoeksstations zijn 
bemand, maar hun werking is uitermate beperkt en is helaas voor een groot deel afhankelijk 
van buitenlandse onderzoeksprojecten die komen en gaan zonder langdurige perspectieven te 
bieden.
Om een lang verhaal kort te maken, ik ben ongelooflijk dankbaar dat ik dit onderzoek heb 
kunnen uitvoeren en wil mijn dank ten opzichte van iedereen die dit mogelijk gemaakt heeft 
uitdrukken. Dit onderzoek heeft mijn wereldbeeld grondig overhoop gegooid, en is en zal de 
aanleiding zijn van een aantal m.i. mooie publicaties die hopelijk een inspiratiebron mogen 
zijn voor andere wetenschappers en een stimulans voor het onderzoek in tropische zoetwater 
ecosystemen.
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Ongelooflijk veel dank gaat uit naar mijn promotor Wim Vyverman en co-promotor 
Koenraad Muylaert, die me om te beginnen klaarstoomden voor de verdediging van dit project. 
Voor hun steun en hulp bij de totstandkoming van deze scriptie, voor de ellenlange discussie en 
voor de nieuwe ideeën en aanmoediging na mislukking van de eerste experimenten.
Christine Cocquyt wil ik in de eerste plaats bedanken om mij, reeds bij een maandwerk in 
1e licentie, in contact te brengen met het Afrikaanse continent en voor de samenwerking tijdens 
het CLIMLAKE project.
Katleen Vander Gucht, Sylvie Cousin, Nele Vloemans en alle andere collega’s die betrokken 
waren bij het genetisch onderzoek, om me op dat vlak hetzij technisch, hetzij inhoudelijk te 
ondersteunen.
Aan alle collega’s van de PAE die me op een of andere manier wel hielpen of die er 
gewoon waren als ik nood had aan een babbeltje. Renaat om me te ondersteunen op de missie 
tijdens het regenseizoen, Jeroen Vanwichelen voor de hulp met de ciliaten, Elie voor de raad 
en aanmoediging, Koen voor de interessante discussies, Pieter voor de hulp met de statistiek, 
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Tot slot wil ik ook Hadewich bedanken die meer dan 4 jaar alles over het microbiële 
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General introduction
The pelagic food web
Up to the 1980’s, pelagic food webs were considered to be a relatively simple ‘grazing food 
chain’, where phytoplankton was consumed by zooplankton and zooplankton in turn consumed 
by fish. This short, linear food chain is now often referred to as the classical food chain. This 
food chain only includes relatively large (> 2 µm) phytoplankton as most zooplankton cannot 
directly consume small phytoplankton. In the beginning of the 1980’s, new methods based on 
epifluorescence microscopy were developed to study microorganisms like bacteria, picophy-
toplankton (< 2 µm), heterotrophic nanoflagellates (HNF) and ciliates. These microorganisms 
form the microbial food web in pelagic ecosystems (Pomeroy 1974). In this food web, bacteria 
and picophytoplankton are consumed by protozoa like HNF and ciliates. Zooplankton con-
sumes these protozoa and thus links the microbial food web to the classical food chain. Bacteria 
depend on dissolved organic matter (DOM) produced by phytoplankton. They are also grazed 
by protozoa and allow part of the primary production that is ‘exuded’ as DOM to be redirected 
to the classical food chain. This indirect transfer of primary production to higher trophic levels 
is called the microbial loop (Azam et al. 1983). The present, updated, picture of the pelagic 
food web also recognises the importance of the most abundant biological entities, viruses (107 
cells ml-1). These viruses induce bacterial mortality and the release of dissolved organic matter 
(Azam 1998; Fig. 1). 
Fig. 1: The pelagic food web highlighting the classical food chain and the microbial loop. 
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The primary producers, the phytoplankton, form the basis of the food web. The perfor-
mance of these primary producers is dependent on several limiting resources, the main ones 
being the availability of light and essential nutrients (Reynolds 1996). Variability in these 
resources may therefore drive the dynamics of the phytoplankton. In a review article on the 
primary production in lakes, Cobelas & Rojo (1994) observed increasing volumetric primary 
production in lakes with a higher trophy. Areal primary production estimates, however, did not 
reveal differences between lake types, suggesting limitation by other environmental variables 
in lakes of a higher trophic status. 
As mentioned earlier on, the phytoplankton composition can be determining for the (gen-
eral) structure of the pelagic food web. This can either be due to the size structure of the phyto-
plankton or the ‘edibility’ of the prey (Sommer et al. 2002). The phytoplankton size structure is 
largely dependent on the nutrient loading, with small cells being -due to there large surface-to-
volume ratio- advantageous in nutrient poor conditions. Therefore, picophytoplankton tends to 
be the dominant primary producer in oligotrophic ecosystems, while larger nano- (2 - 20 µm) 
and microphytoplankton (20 - 200 µm) dominate in more eutrophic ecosystems (Agawin et 
al. 2000, Schallenberg & Burns 2001). In addition, a large fraction of the primary production 
tends to be exuded by phytoplankton in the form of dissolved organic matter (DOM) in nutrient 
limited conditions and thus support bacterial growth in oligotrophic ecosystems (Dubinsky & 
Berman-Frank 2001). Therefore, the microbial food web and the microbial loop tend to be more 
important in oligotrophic environments. 
The trophic efficiency of food webs
As on each trophic level of the food web energy is lost due to non-consumption, defeca-
tion, sloppy feeding and respiration, the number of trophic levels in the food web is often a key 
factor in the efficiency of the transfer from primary producers to the top producers - in pelagic 
ecosystems - the (piscivorous) fish. Therefore, the size structure and composition of the phyto-
plankton are determining for the production of the top predator in addition to the primary pro-
duction itself. In general, the food web structure and, hence, its efficiency is also influenced by 
nutrient concentrations (Thingstad 1998). In eutrophic systems, where large phytoplankton are 
the dominant primary producers, only three trophic levels are present: phytoplankton is directly 
consumed by zooplankton, which is consumed by fish. In oligotrophic systems, where small 
phytoplankton is dominant and where a large part of the primary production is exuded as DOM, 
more trophic levels are present. In oligotrophic systems, picophytoplankton is consumed by 
protozoa, which are consumed by zooplankton, which is consumed by fish. Even more trophic 
levels are involved when primary production is processed through the microbial loop. DOM 
exuded by phytoplankton is converted to living biomass by bacteria, which are consumed by 
protozoa, which are consumed by zooplankton, which are consumed by fish. In a study summa-
rising the biomass and production in 56 shallow and deep lakes, Lacroix et al. (1999) observed 
a tendency of increasing energy transfer efficiency with increasing trophy in deep lakes.
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Microbial ecology and diversity
 Since the early 1980’s, molecular techniques in microbial ecology have lead to important 
discoveries, particularly in oceanic environments (Azam & Worden 2004, Delong & Karl 2005). 
Giovannoni et al. (1990) for example discovered the prevalence of a certain group of bacteria in 
the open ocean, the SAR11 cluster. In combination with the discovery of proteorhodopsin (Beja 
et al. 2000), a protein which converts light energy directly into an electrical gradient through 
the cell membrane, these findings may have an important impact on the (oceanic) nutrient bud-
get. Molecular studies in freshwater environments are less numerous, but demonstrated clear 
differences with distribution patterns in marine environments. Nold & Zwart (1998) reviewed 
distribution patterns in both systems and observed a number of general trends (Fig. 2). The 
gram-positive bacteria, Verrucomicrobiales, Alpha- and Gammaproteobacteria were observed 
in a wide range of aquatic habitats, while Deltaproteobacteria were restricted to sediments and 
Bacteroidetes to floating aggregates. Betaproteobacteria were observed throughout freshwater 
habitats, but were largely absent from the open ocean. More recently Zwart et al. (2002) dis-
covered a distinct set of freshwater bacterial clusters, suggesting that these bacteria were not 
merely transported from soil or marine habitats. The fact that no tropical lakes and very few 
permanently stratified lakes have been studied up to now makes this study interesting from a 
biogeographic perspective. Microorganisms are often considered to have global distribution 
(Fenchel et al. 1997). Recently however, several studies indicated more localized distribution 
patterns for various microorganisms (e.g. see discussion in Whitfield 2005), even for bacteria 
(Bell et al. 2005).    
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Fig. 2: Distribution of the major bacterial divisions and subdivisions in freshwater and 
marine envirionments. 
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Lake Tanganyika, a great lake
Lake Tanganyika is one of the most fascinating lakes in the world. With a maximum depth 
of 1 470 m, it’s the deepest lake in the East-African rift valley and the deepest lake in the world 
after Lake Baikal. The lake measures 650 km long and on average 50 km wide (Fig. 3). Cover-
ing an area of 32 600 km2, with an average depth of 580 m, the lake contains an immense vol-
ume of 18 900 km3 equivalent to 18 % of the world’s liquid freshwater. The lake is composed 
of two major basins: the Kigoma basin (1 310 m maximum depth) in the north and the East 
Marungu basin (1 470 m maximum depth) in the south. These two basins are connected by the 
smaller central Kalemie basin (800 maximum depth).
The lake is permanently temperature stratified. Minimal temperature of the deep water is 
approximately 23ºC while the lake’s surface has a temperature ranging between 24 and 28ºC. 
Because density of the water decreases rapidly with temperature at high temperatures, these 
small temperature differences can result in a stable thermal stratification. The stratification of 
the lake, however, is very sensitive to small changes in temperature and wind stress (Lewis 
1996). Due to this permanent stratification, the hypolimnetic (or monimolimnetic) water is vir-
tually permanently isolated from the epi- and metalimnion (together mixolimnion), with only 
limited vertical mixing near the boundary 
layer or thermocline. This results in the 
lake being anoxic below a depth of 100 
to 200 m (in respectively the northern and 
southern basin). Lake Tanganyika contains 
the largest volume of anoxic freshwater 
found on the planet. This permanent strati-
fication is also a key feature that discrimi-
nates the lake from large temperate lakes, 
which generally have a complete turnover 
at least once a year. 
The lake has a catchment area of 220 
000 km2 (Hecky et al. 1996). This catch-
ment area mainly comprises mountainous 
regions, especially along the western shore 
and the Tanzanian plateau at the eastern 
shore. Due to the presence of steep moun-
tains, there are only two main inflowing 
rivers - the Rusizi and the Malagarasi. 
In addition to these two major tributaries 
there are numerous small streams and riv-
ers with a small drainage area. The Rusizi, 
which enters the lake in the north, con-
nects Lake Kivu with Lake Tanganyika. 
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Fig. 3: Lake Tanganyika and its catchment area. 
The inset image shows the major lakes (≥ 50 km2) 
on the African continent.
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The Malagarasi discharges in Lake Tanganyika about 40 km south from Kigoma, the largest 
Tanzanian city along the lake. Four national parks are situated on the shores of the lake: Gombe 
Stream National Park and Mahale Mountains National Park in Tanzania, Nsumbu National Park 
in Zambia and the Rusizi Delta National Reserve in Bujumbura, Burundi.
To scientists Lake Tanganyika is particularly known for its high endemism. The lake dis-
plays a strong radiation within communities of cichlid fishes, crabs, molluscs and ostracods 
(Coulter 1991, Martens 1997). This radiation is related to the high age of the lake (9 - 12 million 
years). According to Coulter (1991) about 469 out of 1248 of the faunal species known from 
the lake are endemic. The most remarkable group in the lake are the cichlid fishes, which are 
represented by around 172 species, the majority of which is considered to be endemic. They 
have been subject of numerous scientific studies, including some remarkable studies unravel-
ling the complex interactions between different species (Hori et al. 1993). The cichlid fishes of 
Lake Tanganyika are much sought-after by aquarium enthusiasts.
The lake as a source of fish
The lake is bordered by the countries Burundi, Tanzania, Zambia and D.R. Congo. These 
countries are among the least developed in the world. The area around the lake is populated by 
roughly 10 million people. The  yearly growth rate of the population is 2 to 3%. The large and 
fast growing population in the riparian countries of Lake Taganyika results in growing demands 
for food. With estimated catches of 16.5 to 20.0 × 104 metric tons per year (Mölsä et al. 1999), 
fish from the lake is an important  food source for the people living in the region. Fish is particu-
larly important as a source of animal protein. Although the main activity of the people living in 
the lake basin is agriculture, many people are involved in the capture, processing, transport and 
trade of fish originating from the lake. The number of fishermen is estimated at around 45 000 
and the total number of people involved in post processing of the fish around 1 million. 
The main pelagic fish species that are harvested are the planktivorous clupeid fishes Sto-
lothrissa and Limnothrissa sp. and the (predominantly) piscivorous Lates spp. It has been 
estimated that about 25% of the clupeid production and 70% of the Lates production is being 
harvested annually. This high percentage of the fish production being harvested raised ques-
tions about the sustainability of the lakes fisheries. Recent reports demonstrate a decline in fish 
catches and suggest over-exploitation of the fish stocks in the south of the lake (Roest 1992, 
Coenen et al. 1998, Reynolds et al. 1999). This potential decrease in productivity combined 
with the increasing population urge the need for sustainable fisheries management supported 
by scientific research. The relation between hydrodynamics, nutrients, primary production and 
fish production is currently poorly understood. In order to understand the decrease fish produc-
tion, we need to gain more insight in the functioning of the lake ecosystem and in particular the 
influence of climate phenomena on the hydrodynamics of the lake and the influence of these 
changes on the food web structure.
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Nutrients supporting primary production
Fish production is indirectly dependent on primary production by phytoplankton, which is 
ultimately dependent on inorganic nutrient. Nutrient concentrations and, hence, phytoplankton 
primary production are relatively low in Lake Tanganyika. N concentrations are about 1.2 M 
while P concentrations are about 0.6 µM. Si, an essential nutrient for diatoms, is present in con-
centrations of about 30 µM. Chlorophyll a concentration (an indicator of total phytoplankton 
biomass) varies between 0.3 and 5 µg L-1. 
In Lake Tanganyika, the annual discharge into the lake is small compared to the large vol-
ume of the lake. It has been estimated that, integrated over the entire surface of the lake, 8 cm 
is lost annually due to outflow, the main outflowing river being the Lukuga, situated in D.R. 
Congo. This is very low compared to 135 cm lost to evaporation. The rivers in the catchment 
account for an annual inflow of 43 cm while precipitation account for about 89 cm each year 
(Hecky et al. 1996). As a result, Lake Tanganyika can be considered to be a virtually closed 
system, just like most other African Great Lakes. In comparison with Lake Victoria and Lake 
Malawi however, Lake Tanganyika receives by far the least external water input. In comparison 
with those lakes, Tanganyika has the highest pH (8.4 to 9.2) and conductivity (606-620 µS cm-
1) Talling & Talling (1965). According to Hecky (1991; Table 1), vertical mixing is the main 
source of P and Si supporting primary production in the lake. Due to denitrification and anoxic 
ammonia oxidation (annamox) in the anoxic hypolimnion, the deep waters of Lake Tanganyika 
are depleted in N. Therefore, atmospheric nitrogen fixation by cyanobacteria is considered to be 
the main source of N for phytoplankton. This nutrient budget should, however, be considered as 
preliminary since it is largely based on extrapolations and no data on N fixation are available. 
In a more recent attempt to quantify external nutrient inputs, Langenberg et al. (2003a) esti-
mated that external N input could support 7 - 14% and external P input 3 - 5% of phytoplankton 
primary production. But the nutrient budget is still surrounded by a lot of uncertainties. Brion 
et al. (2006), for example found elevated dissolved inorganic nitrogen (DIN) levels during the 
dry season in the north of the lake, which they consider to be related to the high levels of at-
mospheric input, possibly linked to biomass burning. These authors estimated that the external 
DIN import would represent approximately 25% of the annual primary production.
Despite this presumed deficit in the N supply, nutrient enrichment experiments in the lake 
have revealed a fairly balanced availability of N:P for phytoplankton growth, with P more of-
Loading source (mol m-2 y-1) N P Si
Rain 0.086 0.017 Trace
Rivers 0.005 0.002 0.16
Vertical mixing (by eddy diffusion) 0 0.19 6.6
Total (above) 0.091 0.209 6.76
N-fixation 3.2
Table 1: Putative nutrient loading to the mixolimnion of 
Lake Tanganyika. Redrawn from Hecky (1991) (Table 4.I)
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ten becoming limited (Järvinen et al. 1999). In Lake Victoria and Lake Malawi Guildford et 
al. (Guildford et al. 2003) found, in addition to macronutrient limitation, indications for iron 
limitation. As the bioavailability of iron is often limiting for phytoplankton growth in lakes with 
a high pH (e.g. (Evans & Prepas 1997), this could also be the case in Lake Tanganyika, which 
has an even higher pH.
The limnological cycle of Lake Tanganyika
The main nutrient inputs from the hypolimnion to the epilimnion in Lake Tanganyika are 
regulated by the annual limnological cycle (Langenberg et al. 2003b). This limnological cycle 
is driven by the alteration between the dry season (April-October) and the rainy season (Octo-
ber-April). A schematic summary of the limnological cycle is illustrated in Fig. 4 (Plisnier et 
al. 1999). During the warm rainy season, water column stability is maximal in the lake and, as 
a result, nutrient inputs into the epilimnion are minimal. During the dry season, south-easterly 
SE - Wind
SE - Wind stops
Thermocline oscillations
Dry seasonRainy season
SE - Wind
Mpulungu Bujumbura
UPWELLING
May-September
January-April
Secondary
upwelling
D
A
B
C
Fig. 4: The limnological cycle in Lake Tanganyika, see text for explanation. Redrawn from Plisnier et 
al. (1999).
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monsoon winds push surface water towards the north of the lake, resulting in a deepening of 
the thermocline and upwelling of deep water in the south of the lake. When these monsoon 
winds stop, the thermocline rises again in the south of the lake. This initiates an internal wave 
in the lake. This wave causes the thermocline to oscillate vertically from the south to the north 
of the lake and back. The internal wave has an amplitude of 15 – 45 m and a period of 3 – 4 
weeks. The wave dampens during the course of the rainy season but never disappears (Naithani 
et al. 2002). This internal wave results in an erosion of the thermocline and nutrient inputs to 
the epilimnion throughout the lake. Because deep water of the lake is relatively depleted in N, 
upwelling in the south of the lake would theoretically result in nutrient inputs that are relatively 
rich in P and Si and poor in N (due to denitrification and annamox). The action of the internal 
wave, on the contrary, results in water from around the thermocline to reach the surface. This 
could results in a more balanced input of N, P and Si to the surface of the lake. 
The annual limnological cycle of the lake is influenced by climate variability. During El 
Niño years, for example, the air temperature in equatorial Africa is typically higher than in 
other years (Bradley et al. 1987). This results in a higher temperature of the lake’s surface water 
and, hence, a higher water column stability and reduced nutrient inputs (Plisnier 1997). This 
has impacts on the fish production: a significant positive correlation is observed between fish 
catches and the Southern Oscillation Index, an indicator of the strength of El Niño. The inter-
action between lake productivity and climate is also reflected in the negative relation between 
turbidity (an indirect indicator for phytoplankton biomass) and temperature (Plisnier et al. 
2000). Between 1961 and 1994, Secchi depth increased from 8 to 12 m. It is unclear, however, 
whether this increase was a linear trend or related to interannual variability. More recently, car-
bon isotope records in the sediments of the lake also pointed to a decreasing productivity of the 
lake (O’Reilly et al. 2003). Verburg et al. (2003) confirmed this trend by presenting a decline 
in phytoplankton biomass and an increase in the oxic/anoxic boundary. Descy et al. (2005) 
and Cocquyt & Vyverman (2005), however, noted that the conclusions drawn from changes in 
phytoplankton biomass should be interpreted with care, as different methods of phytoplankton 
analysis yield very different results.
The pelagic food web in Lake Tanganyika
At the start of this study, knowledge of the pelagic food web in Lake Tanganyika was main-
ly restricted to the components of the classical food chain. Hecky & Kling (1981) presented a 
detailed study of nano- and microphytoplankton of Lake Tanganyika. They observed a minimal 
biomass during the stratified period, a high diatom abundance during the period of mixing and 
filamentous cyanobacteria during periods of rapid surface warming. This study, however, was 
restricted to the northern basin of the lake. They also presented data on ciliates and bacteria, 
reporting a ciliate community dominated by oligotrich ciliates and bacterial densities between 
1.5 × 105 to 1.5 × 106 cells ml-1. Hecky & Fee (1981) estimated an annual primary production 
of 365 g C m-2 y-1. A more recent estimate by Sarvalla et al. (1999), was higher (426 to 662 g C 
10 - Introduction Introduction - 11
m-2 y-1) due to the use of a deeper photic zone and the inclusion of the more productive station 
Bujumbura, which is close to the inflow of the Rusizi River. 
The mesozooplankton community in the lake is composed of a limited number of large co-
pepods, including the calanoid copepods Tropodiaptomus simplex and T. tenellus and the cyclo-
poid copepod Mesocyclops aequatorialis. Copepod biomass is on average 0.8 g C m-2 with an 
average production of 3.5 to 5.4 g C m-2 y-1 (Kurki et al. 1999b, Sarvala et al. 1999). Apart from 
the copepod grazers, two other invertebrates occur in the plankton of the lake. The first are the 
small Atyid decapod shrimps (Limnocaridina sp.), which are especially abundant in the south 
of the lake (Kurki et al. 1999a). The second is the endemic cnidarian Limnocnida tanganyica. 
The diet of these organisms is poorly known. Dumont (1994) suggested that the cnidarian could 
be predominantly feeding on the eggs of pelagic fish. 
The dominant pelagic fish species are the clupeid sardines Stolothrissa tanganicae and 
Limnothrissa miodon. The diet of Stolothrissa tanganicae is mainly composed of planktonic 
copepods while Limnothrissa miodon has an omnivorous diet and feeds on copepods as well 
as on Stolothrissa tanganicae. The Lates sp. are predators of Stolothrissa tanganicae and, to a 
lesser extent, on Limnothrissa miodon and pelagic shrimps (Coulter 1991).
More recent studies have added new information about the pelagic food web. In a recent 
study, Cocquyt & Vyverman (2005) detected peaks in the biomass of diatoms during the dry 
season and suggested that the cyanobacteria-chrysophyte-chlorophyte community observed in 
1975 (Hecky & Kling 1981) may have shifted to a cyanobacteria-chlorophyte-diatom com-
munity in 2002. Vuorio et al. (2003) presented the first data on picophytoplankton abundance 
but these data were restricted to a study conducted in March 1998 and focused on the spatial 
variability in the lake during the rainy season. They reported high densities of picophytoplank-
ton (104 to 6 × 105 cells ml-1), but attributed only a low biomass to this group due to the small 
average cell dimensions. Fractionated chlorophyll a measurements during the months Febru-
ary to April 2003 nevertheless pointed to a high (±50%) contribution of picocyanobacteria to 
total phytoplankton biomass (Descy et al. 2005). Pirlot et al. (2005) reported the first data on 
HNF, from two sampling events during the wet and dry season of 2002 (respectively during the 
months January to February and July). Their study indicated high densities of HNF (0.3 to 1.83 
× 106 cells L-1), bacteria (2.28 to 5.30 × 106 cells ml-1) and ciliates (up to 3.25 × 103 cells L-1).
The trophic transfer efficiency in Lake Tanganyika
Measurements of primary and bacterial production and estimates of zooplankton and fish 
production by Hecky & Fee (1981) led to the hypothesis that the lake had an extremely high tro-
phic transfer efficiency of 2.4% from primary producers to the clupeid fishes Limnothrissa mi-
odon and Stolothrissa tanganyicae. These authors speculated that this could be the result of the 
extreme age of the lake, which might have resulted in the evolution of an exceptionally efficient 
food web. A more recent study suggests that the trophic transfer efficiency is not as exception-
ally high as previously thought (Sarvala et al. 1999). Due to both a higher primary production 
estimate (426 to 662 g C m-2 y-1) and a lower fish production estimate (1.4 to 1.7 g C m-2 y-1 for 
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the clupeid fish), Sarvala et al. (1999) estimated an efficiency of 0.21 to 0.40%. Sarvala et al. 
(1999) observed a low production efficiency of the crustacean zooplankton and attributed this 
to the high respiration cost at high temperatures and long vertical migration. Although these 
authors also mentioned the potential importance of the microbial loop, very limited informa-
tion was available to check this hypothesis at that time. They suggested that the microbial loop 
would play a minor role in Lake Tanganyika based on the relatively low dissolved organic car-
bon (DOC) levels (2-5 mg L-1). However, not only the DOC concentrations, but also its quality 
and biological availability are determining the efficiency at which it is converted to bacterial 
biomass (del Giorgio & Cole 1998). Based on a stable isotope study, Sarvala et al. (2003) sug-
gested that picocyanobacteria were important producers in the pelagic food web of Lake Tang-
anyika and reconsidered the microbial food web as important in Lake Tanganyika.
In comparison with other lakes of differing trophic status, the fish production in Lake Tang-
anyika is nevertheless in the higher range (Downing & Plante 1993). Lake Malawi for example 
has, despite a comparable primary production (329-518 g C m-2 y-1) a lower fish production. The 
dominant zooplankton (characterized by the presence of cladocerans and larvae of the dipteran 
Chaoborus edulis in addition to calanoid and cyclopoid copepods) and fish species (various 
species belonging to the Cichlidae, Cyprinidae, Clariidae and Mochokidae) in Lake Malawi dif-
fer for those in Lake Tanganyika and may therefore have a different food web structure (Irvine 
et al. 2001). 
Objectives
The objective of this study was to test the hypothesis that the importance of the microbial 
food web is higher during periods of high water column stability, when nutrient supply is low. 
Similarly, during periods of lower water column stability and higher nutrient supply, we ex-
pected a higher importance of the classical food chain composed of phytoplankton-zooplank-
ton-fish and a higher trophic transfer efficiency (Fig. 5). 
In order to test this hypothesis, we monitored water column stability, nutrients and the 
biomass and composition of the main components of the microbial food web. This was done 
during a period of three years at two contrasting sites and during three latitudinal transects in 
order to get an overview of the seasonal and spatial variability of these parameters in the lake. 
In addition to the monitoring observations, we also performed field experiments to verify the 
response of the phytoplankton community to nutrient additions, and in particular to iron and 
we performed experiments to study the food web structure and the interactions within the food 
web. 
To study the temporal and spatial variation in the microbial food web, we performed enu-
merations of picophytoplankton, bacteria, heterotrophic nanoflagellates (HNF) and ciliates bio-
mass and obtained data on the watercolumn stability and nutrient concentrations from the con-
current CLIMLAKE project. In addition to microscopical observations of the main components 
of the microbial food web, the composition of the prokaryotic and eukaryotic picoplankton was 
studied in detail using molecular fingerprint techniques (DGGE and clone library construction). 
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Samples for these analyses were obtained during the vertical transect of 2002, during which 
different depths in the epi- and hypolimnion were sampled. 
Two sets of field experiments were conducted during three consecutive seasons; nutrient 
addition experiments and size fractionation experiments. These experiments were conducted 
during three consecutive seasons at two stations under varying conditions of water column sta-
bility and initial composition of the pelagic food web. 
During the nutrient addition experiments, we tested the response of the phytoplankton com-
munity to the addition of the major nutrients nitrogen and phosphorus and the trace element 
iron. The potential role of iron was suspected from a study in Lake Malawi, but its potential in-
fluence on the phytoplankton composition was unknown. This experiment allowed us to study 
changes in the food web structure as a result of higher nutrient supply. As the availability of 
these nutrients is related to the water column stability, this type of experiments also contributed 
to our understanding of the monitoring observations.
The interactions within the microbial food web were studied using size fractionation ex-
periments. The principle of size fractionation experiments is that predators are generally an 
order of magnitude larger than their prey. This allows the separation of prey and predator using 
filtration and allows the calculation of growth an grazing rates. The growth rate of the prey can 
be calculated based on the biomass increase in the predator free treatment, while the predation 
rate on the prey can be determined based on the difference in growth between the treatment with 
and without predators. To aid the interpretation of these experiments conducted during different 
conditions of water column stratification, we constructed a food web model, which allowed us 
to integrate the different growth and grazing rates and to estimate seasonal differences in the 
food web structure.
This PhD project coincided with the DWTC supported CLIMLAKE-project; Climate vari-
ability as observed in Lake Tanganyika. This project included a forthnightly monitoring pro-
gram in collaboration with the local teams of TAFIRI Kigoma (Tanzanian Fisheries Research 
Fig. 5: The food web during high and low nutrient supply.
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Institute) and DOF Mpulungu (Department of Fisheries, Zambia), during which limnological 
parameters including temperature, dissolved oxygen and Secchi depth were recorded and sam-
ples for nutrient- and pigment analysis and for the enumeration of planktonic organisms were 
taken. In addition three lake-wide research cruises were organised to study the spatial variabil-
ity in the pelagic environment of the lake. 
The temporal variation in picophytoplankton, bacteria, heterotrophic nanoflagellates (HNF) 
and ciliates biomass and composition were studied during a 2 to 3 year period. The structure 
and composition of the prokaryotic picoplankton was studied in detail in the course of averti-
cal transect in 2002 during which different depths in the epi- and hypolimnion were sampled. 
These samples were processed using denaturing gradient gel electrophoresis and were used to 
construct four clone libraries.
Two sets of experiments were conducted during three consecutive seasons; nutrient-ex-
periments and size-fractionation-experiments. During the nutrient-experiments we tested the 
response of the phytoplankton community to nutrient addition, while the size-fraction-experi-
ments aimed to resolve the food web structure. To aid the interpretation of these latter experi-
ments we constructed a food web model, which allowed us to estimate seasonal differences in 
food web efficiency.
Thesis outline
All chapters presented in this work comprise manuscripts and can therefore be read as 
individual papers. As a result some of the presented information, especially the introductory 
sections and description of methodology, will be redundant. Cited literature is given at the end 
of each chapter. 
Chapter 1 “Seasonal and spatial variability in the abundance of auto- and heterotrophic 
plankton in Lake Tanganyika” presents detailed information on the different components of 
the microbial food web obtained during a three-year monitoring campaign at two contrasting 
stations and during three north-south transects during contrasting seasons. In this chapter we 
tested the hypothesis that the importance of the microbial food web decreases during periods of 
lower water column stability and higher nutrient advection from deep water. This chapter will 
be submitted as De Wever A, Muylaert K, Cocquyt C, Van Wichelen J, Plisnier P-D, Vyverman 
W. Seasonal and spatial variability in the abundance of auto- and heterotrophic plankton in 
Lake Tanganyika. 
Contribution of the authors; Main authors: De Wever A, Muylaert K. Picoplankton, bacteria 
and HNF enumerations and data processing: De Wever A. Inverse microscopy phytoplankton: 
Cocquyt C. Ciliate counts: Cocquyt C and Van Wichelen J. CLIMLAKE environmental data 
and interpretation: Plisnier P-D. Interpretation and proofreading: Vyverman W. 
Chapter 2  “Bacterial community composition in Lake Tanganyika: vertical and horizontal 
heterogeneity” presents the results of a denaturing gradient gel electrophoresis (DGGE) study 
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of PCR-amplified 16S rDNA fragments from samples obtained along a north-south transect 
in the lake. This chapter highlights vertical and latitudinal differences in bacterial community 
composition and explores the relation with measured environmental variables. The observed 
genotypes, based on the sequencing of dominant bands, are compared to typical freshwater 
bacterial clusters obtained from the literature. This chapter has been published as De Wever 
A, Muylaert K, Van der Gucht K, Pirlot S, Cocquyt C, Descy J-P, Plisnier P-D, Vyverman W 
(2005) Bacterial community composition in Lake Tanganyika: vertical and horizontal hetero-
geneity. Applied and Environmental Microbiology 71 (9): 5029-5037.
Contribution of the authors; Main authors: De Wever A, Muylaert K, Van der Gucht K. 
Coordination of genetic analyses and interpretation: Van der Gucht K. data processing and in-
terpretation: De Wever A. Bacterial production data and interpretation: Pirlot S. Phytoplankton 
data and interpretation: Cocquyt C, Pigment data and interpretation: Descy J-P. CLIMLAKE 
environmental data and interpretation: Plisnier P-D. Interpretation and proofreading: Vyverman 
W.
Chapter 3 “Lake Tanganyika characterised by a distinct bacterial community” presents the 
results of a 16S rDNA clone library study on 4 contrasting samples obtained during a latitudi-
nal transect in 2002. The phylogenetic relation of partially sequenced clones to known bacte-
rial groups and clusters observed in cold and temperate lakes are investigated and differences 
between different clone libraries are discussed. This chapter is submitted as: De Wever A, Van 
der Gucht K, Muylaert K, Cousin S, Vyverman W. Lake Tanganyika characterised by a distinct 
bacterial community. Contribution of the authors; Main authors: De Wever A, Muylaert K, Van 
der Gucht K. Coordination of genetic analyses and interpretation: Van der Gucht K and Cousin 
S. Data processing and interpretation: De Wever A. Interpretation and proofreading: Vyverman 
W. 
Chapter 4 “Community composition of eukaryotes in Lake Tanganyika investigated using 
DGGE and microscopical analyses” presents the results of microscopical and molecular obser-
vations of eukaryotic plankton from samples obtained along a north-south transect in the lake. 
The effectiveness of denaturing gradient gel electrophoresis (DGGE) of PCR-amplified 18S 
rDNA fragments is discussed. This chapter is a manuscript in preparation.
Contribution of the authors; Main authors: De Wever A, Muylaert K, Van der Gucht K. 
Coordination of genetic analyses Van der Gucht K and Cousin S. Data processing and interpre-
tation: De Wever A. Interpretation and proofreading: Vyverman W.
Chapter 5 “Differential response of phytoplankton to nitrogen, phosphorus and iron ad-
ditions in Lake Tanganyika” presents the results of nutrient addition bioassays at contrasting 
seasons and stations in Lake Tanganyika. In these experiments, the potential role of iron and 
nitrogen+phosphorus in limiting different phytoplankton groups is investigated and these re-
sults are compared with monitoring observations. This chapter will be submitted as De Wever 
A, Muylaert K, Langlet D, Alleman L, Descy J-P, André L, Cocquyt C, Vyverman W. Differ-
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ential response of picocyanobacteria versus other phytoplankton to nutrient additions in Lake 
Tanganyika.
Contribution of the authors; Main authors: De Wever A, Muylaert K. Field work, enumera-
tions, pigment analysis and data processing: De Wever A. Iron and Aluminum data and inter-
pretation: Langlet D, Alleman L, André L. Particulate nutrient data and interpretation: Descy 
J-P, Phytoplankton data from monitoring samples and interpretation: Cocquyt C. Interpretation 
and proofreading: Vyverman W.
Chapter 6 “Seasonal changes in food web efficiency in Lake Tanganyika” presents the re-
sults of 5 size fractionation experiments conducted during contrasting seasons at two stations. 
In these experiments we applied a truncation of the food web in order to estimate the growth 
and grazing rates of different food web components. These data were combined to construct a 
food web model using inverse modelling. Based on the network flows, the relative importance 
of the microbial food web in the different experiments is considered. This chapter is a manu-
script in preparation.
Contribution of the authors; Main authors: De Wever A, Muylaert K, Soetaert, K. Data 
processing and basic model construction: De Wever A. Model implementation and Monte Carlo 
solution: Soetaert K. Interpretation and proofreading: Vyverman W.
Finally, at the end of this work, a summary is presented that gives an overview of the results 
of this study, highlights key findings and integrates the main results of the different approaches. 
This chapter also discusses potential topics needing further study that emerged from the pre-
sented results.
The monitoring data presented in this thesis are incorporated in the Climlake database 
and can be consulted in the final project report (http://www.fundp.ac.be/recherche/projets/
page_view/03275101/). The sequence information in chapters 3, 4 and 5 is available through 
GenBank under the accession numbers; AY845326 to AY845337, DQ463691 to DQ463726 and 
DQ463728 to DQ463743. The experimental data can be provided upon request after publica-
tion of the results.
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Seasonal and spatial variability in the abundance of auto- 
and heterotrophic plankton in Lake Tanganyika
Aaike De Wever, Koenraad Muylaert, Christine Cocquyt, Jeroen Van 
Wichelen, Pierre-Denis Plisnier, Wim Vyverman
To evaluate the seasonal variability in the importance of the microbial 
food web in Lake Tanganyika, phytoplankton, bacteria and protozoa were 
monitored at two contrasting sites (Kigoma and Mpulungu) during 3 years. 
In addition, samples were collected during 3 north-south transects carried out 
during contrasting seasons. The high biomass of bacteria relative to phyto-
plankton biomass and the high contribution of small phytoplankton to total 
phytoplankton biomass point to an important role of the microbial food web in 
the lake. Total phytoplankton biomass increased during periods of low water 
column stability and increased nutrient availability, eukaryotic phytoplankton 
< 5 µm biomass increased at both stations, together with picocyanobacteria 
at the southern station Mpulungu and diatoms at the northern station Kigoma. 
The different response of the phytoplankton community at both stations may 
be caused by differences in the thickness of the mixed layer between the two 
sites, which in turn affects the underwater light climate and the N:P ratio. The 
bacterial densities ranged from 0.7 × 106 to 6.2 × 106 cells ml-1 and were sig-
nificantly higher at the southern station. The fact that bacterial densities were 
not related to the water column stability may be due to low grazing pressure 
or to a relatively constant supply of dissolved organic matter. Heterotrophic 
nanoflagellates increased significantly during the dry season upwelling in 
Mpulungu, when higher picocyanobacterial densities were observed. The 
ciliate community dominated by presumably bacterivorous peritrich species 
did not show any clear seasonal or spatial variation. The main variability in 
the importance of the microbial food web seems therefore primarily linked 
to the contribution of the picophytoplankton to the total phytoplankton com-
munity.
Introduction
Since the early 1980’s, microbial commu-
nities (bacteria, picophytoplankton, protozoa) 
are recognised as an important component of 
aquatic ecosystems, especially in oligotrophic 
environments. The microbial food web is 
considered to play an important role in nutri-
ent limited conditions for two main reasons. 
First, under nutrient limitation, a large part 
of the primary production is exuded by phy-
toplankton in the form of dissolved organic 
matter and is processed by bacteria (Dubinsky 
& Berman-Frank 2001). Secondly, picophyto-
plankton tends to have a higher contribution 
to phytoplankton biomass in oligotrophic 
ecosystems (Weisse 1991, Bergeron & Vin-
cent 1997, Schallenberg & Burns 2001, Jasser 
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2002, Samuelsson et al. 2002) and forms an 
important food source for heterotrophic flag-
ellates and ciliates. Increased nutrient inputs 
into an ecosystem generally results in a re-
duced importance of the microbial food web 
(Weisse 1991, Lacroix et al. 1999). 
Lake Tanganyika is a large oligotrophic 
lake situated in the East African rift valley. 
Until now however, little was known about the 
microbial food web in the lake. Internal mix-
ing during the annually recurring limnological 
cycle (Plisnier et al. 1999) is considered to be 
the main source of inorganic nutrients to the 
epilimnion of the lake. During the dry season, 
south-eastern monsoon winds move warm 
surface water to the north of the lake, resulting 
in upwelling of deeper nutrient richer water in 
the south of the lake. These monsoon winds 
initiate an oscillation of the thermocline, 
which results in its erosion throughout the 
lake (Coulter & Spigel 1991, Naithani et al. 
2003). Water column stability is maximal and 
nutrient inputs to the epilimnion are minimal 
during the rainy season. 
Due to this variability in mixing regime 
and nutrient input, changes in the contribution 
of the microbial food web can be expected. 
At present, only a limited amount of data 
is available to test this hypothesis. Hecky 
& Kling (1981) presented the first detailed 
study of nano- and microphytoplankton, cili-
ates and bacteria in the northern basin of the 
lake. These authors reported the occurrence 
of diatoms during periods of intense mixing 
and of filamentous cyanobacteria during pe-
riods of rapid surface warming after the dry 
season mixing. They also reported a ciliate 
community dominated by oligotrich species, 
which were prominently present during the 
stratified rainy season, and bacterial densities 
between 1.5 × 105 to 1.5 × 106 cells ml-1 during 
the whole study period. In a recent study, Coc-
quyt & Vyverman (2005) detected peaks in the 
biomass of diatoms during the dry season and 
observed a shift from a cyanobacteria-chryso-
phyte-chlorophyte community in 1975 (Hecky 
& Kling 1981) to a cyanobacteria-chloro-
phyte-diatom community in 2002. The small 
contribution of cryptophytes and chrysophytes 
to the phytoplankton biomass had already 
been observed by Verburg et al. (2003) based 
upon a number of sampling events during the 
dry season of 2000 and 2001. These studies 
���
���
���
���
���
���� ����
�����
�����
�������
������
������
��������
���
���
���
���
���
���
���
����
�
�� ���
��������
��
�
Fig. 1: Map of Lake Tanganyika with indication 
of sampling sites. Open circles indicate the 
sampling sites during the seasonal monitoring; 
Kigoma and Mpulungu. Filled circles indicate 
the sites sampled during three north south 
transects.
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did however not include the smallest fraction 
of the phytoplankton, the picophytoplankton. 
Vuorio et al. (2003) reported high densities of 
picophytoplankton (104 to 6 × 105 cells ml-1) 
in March 1998 but attributed only a low bio-
mass to this phytoplankton group. Descy et al. 
(2005) studied the phytoplankton community 
using HPLC pigment analysis and found an 
overall important contribution of Synechococ-
cus-type cyanobacteria to total chlorophyll a. 
They further observed a dominance of chloro-
phytes at the northern station and of the Syn-
echococcus-type cyanobacteria in the south of 
the lake. Pirlot et al. (2005, 2006) reported the 
first data on HNF from two sampling events 
during the wet and dry season of 2002. Their 
study indicated relatively high densities of 
HNF (0.3 to 1.83 × 106 cells L-1), bacteria 
(2.28 to 5.30 × 106 cells ml-1) and ciliates (up 
to 3.25 × 103 cells L-1). In a more recent study 
Pirlot et al. (subm.) confirmed the high overall 
heterotrophic biomass during 6 sampling cam-
paigns between 2002 and 2004. 
The aim of the present study is to provide 
detailed information on the seasonal and spa-
tial dynamics of the microbial communities 
in Lake Tanganyika and their importance in 
the pelagic food web. As Lake Tanganyika 
is an oligotrophic lake, we predict that the 
microbial food web contributes significantly 
to the particulate carbon pools. We specifi-
cally test the hypothesis that the importance of 
the microbial food web decreases when water 
column stability declines and nutrients from 
deeper in the water column reach the lake’s 
surface waters.
Materials and methods
Study site. Lake Tanganyika is situated 
in East Africa and is bordered by Burundi, 
Tanzania, Zambia and the Democratic Repub-
lic of Congo. The lake measures roughly 650 
by 50 km and has a maximum depth of 1470 
m. Two pelagic sampling stations, Kigoma 
(04º51.26’S, 29º35.54’E; Tanzania) and 
Mpulungu (08º43.98’S, 31º02.43’E; Zambia) 
respectively in the north and the south of the 
lake were simultaneously sampled fortnightly 
from February 2002 up to August 2004 (Fig. 
1). These stations are accessible from the 
respective research centres and are identi-
cal to the stations sampled during the FAO/
FINNIDA LTR (Lake Tanganyika Research) 
project from 1992 to 1997 (Mölsä et al. 1999). 
Additional samplings along a north-south 
transect (station TK1-11) were performed 
during three research cruises during the dry 
season of 2002 (July 10 to 16) and 2003 (July 
7 to 13) and the rainy season of 2004 (January 
30 to February 5). 
Sampling. On each sampling occasion, 
conductivity, temperature, pH and oxygen 
depth profiles were recorded using a CTD 
multimeter (Seabird SBE-19 and Hydrolab 
Datasonde 4A). Water transparency was de-
termined routinely using Secchi disc depth 
measurements and was regularly calibrated by 
measuring downward PAR attenuation using 
LICOR quantum sensors. Water samples were 
collected using Hydrobios (5 L) or Go-Flo (up 
to 12 L) sampling bottles from a depth of 20 
m. This depth was mainly chosen to reduce 
the number of samples and is always situated 
in the epilimnion, this depth generally corre-
sponds to the depth with the maximal primary 
production (Sarvala et al. 1999) and does not 
experience photoinhibition. Subsamples for 
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nutrient analysis and the enumeration of bac-
teria, picoplankton and larger phytoplankton 
were collected in separate containers. The 
samples for the enumeration of planktonic 
organisms were fixed using the lugol-form-
aldehyde-thiosulphate method (Sherr & Sherr 
1993).
Laboratory procedures. Water for 
analysis of dissolved nutrients was pre-filtered 
over a Machery-Nägel GF-5 filter. Nitrate 
concentrations were determined spectro-
photometrically using Macherey-Nägel kits. 
Soluble reactive phosphorus (SRP; PO
4
-P) 
were measured according to standard methods 
(Greenberg et al. 1992). 
For enumeration of phytoplankton < 5 µm 
and HNF, a 100 ml subsample was filtered 
onto a 0.8-µm pore size membrane filter and 
stained with DAPI. Due to the use of this filter 
size the smallest phytoplankton representa-
tives may have been overlooked. Phytoplank-
ton <5 µm was enumerated using violet-blue 
illumination (395-440 nm excitation filter 
and 470 nm emission filter). At least 400 pi-
cophytoplankton cells and 100 eukaryotic 
phytoplankton <5 µm cells were counted and 
distinguished from each other by switching to 
green light (510-560 nm excitation filter and 
590 nm emission filter) (MacIsaac & Stockner 
1993). 
Samples for enumeration of phytoplank-
ton > 5 µm and ciliates (1 L) were concentrated 
by sedimentation (48 h), counted according to 
the Uthermöhl method (Uthermöhl 1931) and 
identified up to the highest feasible taxonomic 
level using an inverted microscope. More 
details can be found in Cocquyt & Vyverman 
(2005). For Mpulungu, the samples from 2004 
were lost during transport. Phytoplankton bio-
mass was estimated from cell biovolume cal-
culations (from mean linear cell dimensions) 
and published biovolume to carbon conver-
sions (Menden-Deuer & Lessard 2000).
Bacteria were stained with DAPI (4’,6’-di-
amidino-2-phenylindole; Porter & Feig 1980) 
and filtered onto a 0.2-µm pore size membrane 
filter. At least 400 bacterial cells were counted 
in a minimum of 10 randomly chosen fields 
at 1000× magnification with UV illumination 
(365-nm excitation filter and 397-nm emission 
filter). Although we did not perform system-
atic cell measurements, the diameter of the 
bacterial cells was always well below 1 µm. 
Bacterial densities were converted to biomass 
using a fixed conversion factor of 10 × 10-15 g 
C per cell. This conversion factor was taken 
from the average cell carbon content calculat-
ed by Pirlot et al. (2005) on bacterial samples 
from 2002 in Lake Tanganyika.  
At least 100 heterotrophic nanoflagellates 
(HNF) were counted on the same samples 
as for picophytoplankton enumeration using 
UV-illumination (365-nm excitation filter 
and 397-nm emission filter). HNF was distin-
guished from autotrophic phytoplankton by 
checking for autofluorescence using green and 
blue light illumination. As the HNF cells were 
always in the size range between 2 to 5 µm a 
single average biovolume of 14 µm3 cell-1 was 
used for the conversion to carbon biomass ac-
cording to Putt and Stoecker (1989). 
The dominant ciliate species were iden-
tified using the quantitative protargol stain-
ing technique (Montagnes & Lynn 1993) on 
selected samples from 2002, following the 
taxonomy according to Foissner et al. (1999). 
Ciliates were enumerated using inverted mi-
croscopy in the same samples as the phyto-
plankton >5 µm. The biovolume of ciliates, 
calculated from mean linear cell dimensions, 
was converted to biomass according to Putt 
and Stoecker (1989).
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Data analysis. The depth of the euphotic 
zone (Zeu) was calculated from the Secchi 
depth measurements by calculating the verti-
cal light attenuation coefficient (k=1.57/Secchi 
depth). The depth of the mixed layer (Zm) was 
estimated from temperature profiles. To obtain 
a quantitative measure of water column stabil-
ity at each site, the Potential Energy Anomaly 
(PEA) for the upper 100 m of the water col-
umn was calculated according to Simpson et 
al. (1982). Based on changes in rainfall and 
wind patterns, the dry season was defined 
from the end of April up to the end of October. 
Differences between seasons and between the 
two sampling stations were tested using 2-way 
ANOVA followed by LSD post-hoc tests. In 
case of deviances from homogeneity as indi-
cated by Levene’s <0.01, data were log trans-
formed prior to the ANOVA-analysis.
Results
Averages of abiotic and biotic variables at 
the two sites for different seasons are shown 
in Table 1. Water column temperature and 
PEA (Fig. 2 and 3) were significantly lower 
during the dry compared to the rainy season. 
The lowest PEA was observed during the dry 
Table 1: Abiotic and biotic data showing averages of all samples during rainy and dry seasons 
respectively at the northern (Kigoma) and southerns (Mpulungu) sampling station in Lake Tanganyika. 
All data except PEA and Zm:Zeu were obtained from 20m only. Standard deviation is given between 
brackets. Differences between seasons and stations were tested with a 2-Way ANOVA and LSD post-
hoc test; <: p<0.05, <<:p<0.01 and <<<:p<0.001. Comparison between stations was done for both 
seasons individually. * missing data for Kigoma up to May 2003.
 Kigoma Mpulungu
 RS DS
Between 
stations 
(RS/DS)
RS DS
Temperature (°C) 26.83 (0.39) > 26.51 (0.55) </>>> 27.16 (0.61) >>> 25.12 (0.86)
PEA (J m-3) 15.82 (3.04) >> 13.19 (4.02) -/>>> 17.59 (3.55) >>> 6.01 (4.87)
Zm:Zeu 1.00 (0.34) - 1.21 (0.36) -/<<< 0.76 (0.34) <<< 1.98 (1.41)
SRP (µg L-1) 5.0 (9.4) - 9.2 (10.3) -/- 3.7 (3.4) <<< 13.3 (13.2)
NO
3
-N (µg L-1) 18.3 (20.9) - 21.8 (30.8) -/< 16.8 (12.7) << 34.3 (20.4)
NO
2
-N (µg L-1) 2.0 (2.2) - 1.6 (1.9) <</- 8.3 (16.0) >> 2.2 (2.6)
NH
4
-N (µg L-1) * 3.3 (4.7) - 11.7 (31.7) -/- 12.4 (6.9) - 11.6 (6.9)
Si (µg L-1) 742.9 (143.1) - 860.1 (204.1) </- 857.4 (257.8) - 962.1 (275.2)
Picocyanobacteria (µg 
C L-1) •
2.40 (1.20) - 2.91 (1.68) </<<< 3.47 (2.34) <<< 5.67 (1.96)
Eukaryotic phytoplank-
ton < 5 µm (µg C L-1) 
1.01 (0.48) - 1.37 (0.88) <</<<< 2.99 (3.60) <<< 11.61 (12.58)
Phytoplankton ≥ 5 µm 
(µg C L-1)
4.10 (2.77) - 4.65 (3.35) >>/>> 2.32 (2.48) - 1.62 (1.84)
Total phytoplankton 
(µg C L-1) 
7.09 (3.28) - 8.63 (4.03) </<<< 10.95 (6.34) <<< 19.69 (14.28)
Bacteria (µg C L-1) 25.68 (8.60) - 26.89 (8.35) <</<< 34.50 (10.63) - 35.73 (13.69)
HNF (µg C L-1) 1.66 (1.07) - 1.93 (0.99) -/<< 1.90 (0.81) << 3.14 (2.58)
Ciliates (µg C L-1) 0.71 (1.04) - 1.02 (1.06) -/- 1.62 (2.16) - 1.87 (1.85)
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season at the southern station Mpulungu, indi-
cating upwelling of deep water. During the dry 
season transects, sampled in 2002 and 2003, 
the PEA decreased towards the southern sta-
tions. During the 2004 rainy season transect, 
PEA was high at all stations (Fig. 4). The ra-
tio of the mixing zone depth on the euphotic 
depth (Zm:Zeu; Fig 2 and 3) was significantly 
higher during the dry season at the southern 
station (Table 1) and was negatively correlated 
with the PEA at that site (Table 2). While SRP 
and NO
3
-N concentrations were significantly 
higher during the dry season at the southern 
station, no clear seasonal differences were 
observed for the northern station. SRP con-
centrations significantly increased with de-
creasing PEA at both sites, while a significant 
negative correlation of PEA with NO
3
-N and 
Si was only observed at the southern station 
(Table 2). NO
2
-N and NH
3
-N concentrations 
were generally very low and did not show a 
clear seasonality or relation to PEA.
The variation in the biotic variables is 
shown in Fig. 2, 3 and 4 and Table 1 and 2. 
Total phytoplankton biomass was significantly 
higher in Mpulungu (ranging from 3.31 to 
68.69 µg C L-1) compared to Kigoma (ranging 
from 2.74 to 18.53 µg C L-1). On average 50% 
of total phytoplankton biomass in Kigoma 
and 84% of the phytoplankton biomass in 
Mpulungu was composed of cells < 5 µm. 
At both stations total phytoplankton biomass 
increased when PEA decreased (Table 2). In 
Kigoma, this increase in phytoplankton bio-
mass was mainly due to an increase in eukary-
otic phytoplankton < 5 µm and phytoplankton 
≥ 5 µm, while in Mpulungu it was only due 
to an increase in phytoplankton < 5 µm (pico-
cyanobacteria and eukaryotic phytoplankton < 
5 µm). 
Picophytoplankton biomass was signifi-
cantly higher in Mpulungu when compared 
to Kigoma. While no seasonal pattern was 
observed in Kigoma, picocyanobacterial bio-
mass was significantly higher during the dry 
season in Mpulungu. During the transect of 
2002, picocyanobacterial biomass increased 
from the north towards the south of the lake 
(Fig. 4). No particular latitudinal gradient was 
observed during the transects sampled during 
the dry season of 2003 and the rainy season of 
2004. 
 Kigoma Mpulungu
PEA PEA
   
Abiotic variables
Temperature 0.981 (p=0.000) 0.976 (p=0.000)
Zm:Zeu -0.030 (p=0.000) -0.600 (p=0.000)
SRP -0.450 (p=0.000) -0.633 (p=0.000)
NO
3
-N -0.075 (p=0.548) -0.432 (p=0.000)
Si -0.114 (p=0.423) -0.339 (p=0.004)
Biotic variables
Picocyanobac-
teria
-0.177 (p=0.174) -0.440 (p=0.000)
Nanophytoplank-
ton < 5µm
-0.264 (p=0.040) -0.411 (p=0.001)
Nano & micro-
phytoplankton 
 (≥ 5µm)
-0.357 (p=0.009) 0.290 (p=0.066)
Total phytoplank-
ton
-0.364 (p=0.013) -0.312 (p=0.050)
Cyanobacteria 
(≥ 5µm)
-0.118 (p=0.404) 0.259 (p=0.102)
Chlorophytes  
(≥ 5µm)
-0.224 (p=0.111) 0.450 (p=0.003)
Diatoms  
(≥ 5µm)
-0.309 (p=0.026) 0.071 (p=0.659)
Bacteria -0.085 (p=0.519) 0.144 (p=0.260)
HNF 0.229 (p=0.082) -0.367 (p=0.002)
Ciliates -0.215 (p=0.134) 0.077 (p=0.628)
   
Table 2: Correlation of abiotic and biotic 
variables with the potential energy anomaly 
(PEA). The p value of the correlation is given 
in parentheses. 
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Eukaryotic phytoplankton < 5 µm biomass 
ranged from 0.00 to 3.39 µg C L-1 in Kigoma 
and 0.25 to 59.56 µg C L-1 in Mpulungu with 
a higher average in Mpulungu (8.39 vs. 1.21 
µg C L-1 in Kigoma). The eukaryotic phyto-
plankton <5 µm biomass showed a significant 
increase during the dry season at the southern 
station Mpulungu. Eukaryotic phytoplankton 
<5 µm biomass increased towards the south 
during the dry season transects of 2002 and 
2003, while densities were generally low dur-
ing the rainy season transect of 2004. 
Larger phytoplankton (≥ 5 µm) biomass 
varied between 0.97 and 15.12 µg C L-1 in 
Kigoma and between < 0.01 and 10.28 µg 
C L-1 in Mpulungu. The average biomass of 
the phytoplankton ≥ 5 µm was significantly 
greater at the northern station Kigoma. A sig-
nificant negative correlation of phytoplankton 
≥ 5 µm biomass with PEA was observed at the 
northern station (Table 2). During the north-
south transects a higher biomass was generally 
observed in the north of the lake (although less 
clear in 2003)
The phytoplankton (≥ 5 µm) commu-
nity was dominated by cyanobacteria, chlo-
rophytes and diatoms. Taxa belonging to the 
Cryptophytes, Chrysophytes, Dinophytes 
and Euglenophytes were only sporadically 
observed. A detailed description of the spe-
cies composition of the phytoplankton ≥ 5 µm 
in Kigoma for the year 2002 can be found in 
Cocquyt & Vyverman (2005). At the northern 
station Kigoma, chlorophytes were perma-
nently high in abundance and dominated the 
phytoplankton community during the rainy 
season. Diatom peaks were observed during 
the dry season months June to July in both 
2002 and 2003. An increase in filamentous cy-
anobacteria was observed at the end of the dry 
season in 2003 (50% of the total phytoplank-
ton biomass; Fig 2C) but not in 2002. At the 
southern station Mpulungu the succession of 
phytoplankton groups is dominated by small 
phytoplankton species, while phytoplankton 
species ≥ 5 µm had only a minor contribution 
to the total phytoplankton biomass. Increases 
in the contribution of Cyanobacteria, due to 
the occurrence of small coccoid species, were 
observed near the end of the rainy season 
in both 2002 and 2003. The same dominant 
phytoplankton groups were observed in the 
latitudinal transects. During the dry season 
transect of 2002 and the rainy season transect 
of 2004 the chlorophytes were the dominant 
group, with the highest biomass observed at 
the northern stations, while diatoms domi-
nated the dry season transect of 2003, with the 
highest biomass at the northernmost station.
Bacterial densities ranged from 0.9 × 106 
to 4.4 × 106 cells ml-1 in Kigoma and 0.7 × 106 
to 6.2 × 106 cells ml-1 in Mpulungu and were 
significantly higher at the southern station 
(Fig. 2 and 3E). No clear seasonal pattern in 
the bacterial densities was observed during the 
monitoring period. The bacterial densities dur-
ing the 2002 cruise were higher at the south-
ern stations (from 3.0 to 3.7 × 106 cells ml-1) 
compared to the three northernmost stations 
(from 1.9 to 2.8 × 106 cells ml-1), during the 
2003 and 2004 transects, no clear latitudinal 
patterns were observed.
The heterotrophic nanoflagellates (HNF) 
biomass ranged from 0.09 to 4.80 µg C L-1 in 
Kigoma and 0.06 to 11.01 µg C L-1 in Mpu-
lungu with a significantly higher average in 
Mpulungu. HNF biomass was negatively 
correlated with the water column stability and 
higher during the dry season in Mpulungu. 
No clear seasonal patterns were apparent at 
Kigoma. No latitudinal variation was ob-
served during the transects sampled in 2002, 
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Fig. 2: Monitoring data of 
measured biotic parameters, 
mixing depth to euphotic 
depth ratio (Zm:Zeu) 
and the potential energy 
anomaly (PEA) for the 
northern station Kigoma. 
(A) PEA calculated for the 
upper 100 m and the mixing 
depth over euphothic 
depth ratio Zm:Zeu. (B 
to F) temporal changes 
in biomass at a depth of 
20 m for phytoplankton 
size classes (B), biomass 
of phytoplankton groups 
obtained from inverted 
microscope (≥ 5 µm) (C), 
bacterial biomass (D), HNF 
biomass (E), biomass of 
ciliate groups.
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Fig. 3: Monitoring data 
of measured biotic 
parameters, Zm:Zeu 
and and the PEA for 
the southern station 
Mpulungu. Panels as in 
Fig. 2.
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2003 and 2004. 
Ciliate biomass ranged from 0.01 to 4.49 
µg C L-1 in Kigoma and from 0.01 to 8.16 
µg C L-1 in Mpulungu. No clear seasonal 
and latitudinal patterns in the ciliate biomass 
were observed. The main ciliate groups were 
Peritrichida (Vorticella cf. aquadulcis, cf. 
Pseudohaplocaulus infravacuolatus) and Oli-
gotrichida (Pelagostrombidium sp.).
Discussion
This monitoring study performed in Lake 
Tanganyika at two contrasting sites during 3 
years revealed seasonally recurrent patterns 
in both abiotic and biotic variables. This sea-
sonal variation was especially clear for the 
water column stability. At both stations, the 
PEA was reduced during the dry season. The 
lowest values were observed at the southern 
station as a result of the seasonally recurring 
upwelling of deep water related to the south-
erly monsoon winds. 
Lower water column stability can be 
expected to result in higher dissolved nutri-
ent concentrations (Langenberg et al. 2003). 
Such an inverse relation between PEA and 
dissolved nutrients was indeed observed for 
the southern station, but was only detected for 
SRP at the northern station. At the northern 
station, reductions in water column stability 
near the thermocline at a depth of around 50 
m may not have resulted in measurable nutri-
ent increases at a depth of 20m.  Moreover, 
small increases in the nutrient supply may go 
unnoticed because of rapid consumption of 
nutrients by phytoplankton (Zimmerman et 
al. 1987). 
Throughout the lake, productivity is con-
sidered to be inversely related to the water 
column stability (Langenberg et al. 2003). 
Indeed, both at Mpulungu and Kigoma, the 
total phytoplankton biomass was inversely re-
lated to PEA. Due to the annual upwelling, the 
south of Lake Tanganyika (Mpulungu) is con-
sidered to be more productive than the north 
(Kigoma). This was supported by the higher 
total phytoplankton biomass in the southern 
part of the lake throughout the year. 
The higher phytoplankton biomass in 
Mpulungu compared to Kigoma was mainly 
due to a higher biomass of picophytoplankton 
and eukaryotic phytoplankton < 5 µm rather 
than a higher biomass of phytoplankton > 5 
µm. In Kigoma, on the other hand, phyto-
plankton > 5 µm had a higher contribution 
to total phytoplankton biomass than in Mpu-
lungu. Moreover, in Mpulungu, increases 
in phytoplankton biomass during periods of 
lower PEA were due to picophytoplankton and 
eukaryotic phytoplankton < 5 µm. In Kigoma, 
eukaryotic phytoplankton < 5 µm and diatoms 
responded to decreases in PEA. The impor-
tance of small phytoplankton at the most 
productive site Mpulungu and their response 
to nutrient inputs at this site is in contrast with 
theories that predict an increase in the impor-
tance of large phytoplankton with increasing 
productivity (Weisse 1991, Lacroix et al. 
1999). The inverse response of phytoplankton 
to nutrients in the south of Lake Tanganyika 
may be due to a combination of factors. First, 
Descy et al. (2005) noted that upwelling of 
deep water in Mpulungu is associated with a 
high mixing depth to photic depth ratio. This 
would favour small phytoplankton like pico-
cyanobacteria and eukaryotic phytoplankton < 
5 µm because they are more efficient in cap-
turing light than large phytoplankton (Glover 
et al. 1987, Moore et al. 1995). Second, 
nutrient addition assays have indicated that, 
in Lake Tanganyika, picophytoplankton is 
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stimulated by iron additions (De Wever et al. 
subm.). Although iron is present in relatively 
high amounts, much of the iron may be un-
available to phytoplankton due the high pH of 
Lake Tanganyika’s surface waters. Upwelling 
of deep water in the south of Lake Tanganyika 
may result in increases in the concentration of 
iron and/or changes in the bioavailability of 
iron due to decreases in pH. This migh in turn 
stimulate picophytoplankton production. 
Differences in phytoplankton community 
composition between the north and south of 
the lake may also be related to differences in 
the N:P supply ratio between the north and the 
south of the lake (Bulgakov & Levich 1999). 
Theoretically, nutrient inputs in the south of 
the lake would be characterised by a lower N:
P ratio as the upwelling deep water in Lake 
Tanganyika is considered to be depleted in N. 
This is due to denitrification near the oxycline 
(Hecky et al. 1991). Moreover, anaerobic am-
monia oxidising bacteria (annamox bacteria) 
were recently discovered near the oxic-anoxic 
boundary in the lake (pers. comm. Kaiser-
Durish), which would also cause the N:P ratio 
to decrease below the oxycline. However, 
nitrate concentrations during the dry season 
upwelling in the south of the lake were sig-
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Fig. 4: Horizontal profiles (from south to north) of measured biotic parameters and the PEA as 
recorded during the dry season transects of 2002 and 2003 and the rainy season transect of 2004. 
Panels from top to bottom as in Fig. 2.
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nificantly higher than at the northern station. 
This contrast in nitrogen input agrees with the 
requirements of the dominant phytoplankton 
groups. The picocyanobacterium Synechococ-
cus sp. is characterised by relatively high N:
P ratios (>24 mol/mol; Bertilsson et al. 2003), 
while the diatom genus Nitzschia has an op-
timal growth at N:P ratios between 5 and 20 
(Bulgakov & Levich 1999). This difference 
in stoechiometry was confirmed in culture 
experiments by Suttle & Harrison (1988), who 
observed a dominance of chroococcoid cyano-
bacteria at high N:P supply and diatoms at low 
N:P supply.
The southern station, which was char-
acterised by a higher overall phytoplankton 
biomass, also supported a significantly higher 
bacterial biomass. In contrast to the autotro-
phic phytoplankton, the heterotrophic organ-
isms did not show a clear seasonality or rela-
tion to PEA. Bacterial densities were generally 
high and resulted in a high heterotrophic to 
autotrophic biomass ratio (Pirlot et al. subm.), 
which is typical for oligotrophic ecosystems 
(Simon et al. 1992, del Giorgio & Gasol 1995, 
Buck et al. 1996, Gasol et al. 1997). 
While the bacterial cell densities were 
fairly constant, their dimensions and carbon 
content may seasonally vary. Although we 
did not routinely measure bacteria, their size 
was however always below 1 µm (Pirlot et 
al. 2005). Some of the bacterial groups that 
occur in the lake, like Actinobacteria and Be-
taproteobacteria (De Wever et al. 2005), have 
representatives that escape predation due to 
their small size (Pernthaler et al. 2001, Hahn 
2003). The overall high bacterial densities 
may be related to a fairly constant production 
of dissolved organic matter (DOM) or to low 
predation pressure on bacteria. Although the 
phytoplankton biomass was higher during the 
dry season than during the rainy season, the 
DOM production may not increase linearly 
with phytoplankton biomass as DOM is es-
pecially exuded in nutrient limited conditions, 
when carbon fluxes exceed the intake of other 
essential nutrients (Dubinsky & Berman-
Frank 2001). 
The HNF biomass was negatively corre-
lated with PEA and was significantly higher 
during the dry season at the southern station 
and agrees with the higher picophytoplankton 
biomass. The ciliate community was dominat-
ed by peritrich ciliates with a predominantly 
bacterial diet, as bacterial densities did not 
show any seasonal variation it may therefore 
not be surprising that no clear patterns were 
detected for ciliates. In comparison with his-
toric data, however, we observed a clear domi-
nance of peritrich ciliates instead of oligotrich 
species (Hecky & Kling 1981). As peritrich 
ciliates were often attached to phytoplankton, 
this may be related to the shift in phytoplank-
ton community composition as observed by 
Cocquyt & Vyverman (2005).
Given the high biomass of picocya-
nobacteria and heterotrophic bacteria, the 
microbial food web is undoubtedly a major 
particulate carbon pool at both sites in the 
lake. Seasonal changes in the importance 
of the microbial food web in relation to the 
water column stability and nutrient inputs are 
however less clear. At the northern station, 
the relative importance of the microbial food 
web may decrease during stronger mixing as 
larger phytoplankton organisms increase, the 
absolute biomass of the microbial food web 
components however doesn’t show this varia-
tion. At the southern station the importance of 
the microbial food web may increase during 
the dry season upwelling due to the increase 
of picocyanobacteria and HNF. This notion is 
34 - Chapter 1 Chapter 1 - 35
however not supported by (similar) increases 
in the bacterial and ciliate biomass.
Conclusions
Monitoring of the components of the mi-
crobial food web revealed seasonal and spatial 
differences in auto- and heterotrophic bio-
mass, especially in the contribution of pico-
phytoplankton. Contrary to our expectations, 
we did not observe an increase in large phy-
toplankton during the dry season upwelling in 
the south of the lake. Instead, picocyanobac-
teria and small eukaryotic phytoplankton (< 5 
µm) densities increased during this season. At 
the northern station on the other hand diatoms 
increased during periods of stronger thermo-
cline oscillations action during the dry season. 
We propose that this difference in response is 
related to a combination of factors including 
the higher mixing depth to photic depth ratio, 
changes in bioavailability of iron and differ-
ences in N:P-ratio during the upwelling. The 
bacterial densities were always high and sig-
nificantly higher at the southern station. The 
lack of spatial and temporal variability may be 
due to low grazing pressure or to a relatively 
constant supply of dissolved organic matter. 
Heterotrophic nanoflagellates increased sig-
nificantly during the dry season upwelling in 
Mpulungu, when higher picocyanobacterial 
densities were observed. The ciliate commu-
nity dominated by presumably bacterivorous 
peritrich species did not show any clear sea-
sonal or spatial variation. The variability in the 
importance of the microbial food web seems 
therefore primarily linked to the contribution 
of the picophytoplankton to the total phyto-
plankton community.
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Bacterial community composition in Lake Tanganyika: 
vertical and horizontal heterogeneity
Aaike De Wever, Koenraad Muylaert, Katleen Van der Gucht, Sam Pirlot, 
Christine Cocquyt, Jean-Pierre Descy, Pierre-Denis Plisnier, Wim Vyverman
Vertical and latitudinal differences in bacterial community composition 
(BCC) in Lake Tanganyika were studied during the dry season of 2002 by 
means of denaturing gradient gel electrophoresis (DGGE) analysis of PCR-
amplified 16S RNA fragments. Dominant bands were sequenced and identi-
fied as members of the Cyanobacteria, Actinobacteria, Nitrospirae, green 
nonsulfur bacteria, and Firmicutes division and the Gamma- and Deltapro-
teobacteria subdivision. The BCC in the lake displayed both vertical and lati-
tudinal variation. Vertical changes in BCC were related to the thermal water 
column stratification, which influences oxygen and nutrient concentrations. 
Latitudinal variation was related to upwelling of deep water and increased 
primary production in the south of the lake. The number of bands per sample 
increased with bacterial production in the epilimnion of the lake, suggesting 
a positive diversity-productivity relationship. 
Introduction
Since the first application of molecular 
tools to the study of the ecology of aquatic 
bacteria, bacterial community composition 
(BCC) has been studied in a wide variety of 
aquatic ecosystems, ranging from shallow to 
deep lakes over rivers and estuaries to coastal 
seas and oceans. Molecular studies of BCC 
in lakes and rivers have revealed a consis-
tent set of typical freshwater bacteria. Zwart 
et al. (2002) discerned 34 putative phyloge-
netic clusters which occur in a wide range of 
freshwater environments. Dominant divisions 
include Proteobacteria, Bacteroidetes, Ver-
rucomicrobia, Cyanobacteria, Actinobacteria 
and green non-sulfur bacteria. Urbach et al. 
(2001), however, detected unusual bacterial 
communities in the ultra-oligotrophic Crater 
Lake with a higher dominance of Gammapro-
teobacteria. So far, few studies have focused 
on the large, ancient lakes of the world or on 
tropical lakes. To our knowledge, no informa-
tion is available yet on BCC in tropical lakes. 
Of the large lakes, data are only available for 
Lake Baikal (e.g. Ahn et al. 1999, Denisova 
et al. 1999, Semenova et al. 2001, Bel’kova 
et al. 2003). Lake Tanganyika is the third 
largest lake by volume and the deepest lake 
after Lake Baikal. Studies on bacteria in Lake 
Tanganyika are limited to monitoring data on 
bacterial abundance and production (Hecky & 
Kling 1981, Sarvala et al. 1999) or taxonomic 
studies dealing with specific bacterial groups 
(Elsgaard et al. 1994, Eder & Huber 2002). 
As the lake is well known for its rich endemic 
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fauna (Coulter 1991), studies on BCC may be 
worthwhile. 
Lake Tanganyika is a meromictic, perma-
nently temperature-stratified lake with strong 
vertical oxygen concentration gradients. This 
lake is anoxic below a depth of 100 to 200 m, 
and it contains the largest anoxic freshwater 
volume in the world. The permanent tempera-
ture and oxygen gradient may affect BCC in 
the lake. In stratified lakes and seas, verti-
cal zonation of BCC has been found along 
temperature and/or oxygen concentration 
gradients (e.g. Konopka et al. 1999). Several 
studies have demonstrated a relation between 
BCC and oxygen concentration (Konopka et 
al. 1999) or temperature (Sievert et al. 1999). 
During the dry season, Lake Tanganyika also 
displays pronounced latitudinal differences in 
the depth of the thermocline. The differences 
in thermocline depth affect nutrient concentra-
tions in the epilimnion and result in differ-
ences in phytoplankton biomass between the 
north and the south of the lake (Coulter 1991). 
So far, horizontal variation in BCC has been 
studied mainly in marine ecosystems rather 
than in lakes. Horizontal variation in BCC 
was observed along transects crossing marine 
fronts (e.g. Pinhassi et al. 2003) or in marine 
upwelling regions (e.g. Kerkhof et al. 1999). 
The causes for horizontal differences in BCC 
were changes in nutrient concentrations and 
phytoplankton biomass or community com-
position.
For this study, samples from the entire 
water column were collected along a north-
south transect in Lake Tanganyika during the 
dry season of 2002, and BCC in these samples 
was analyzed using denaturing gradient gel 
electrophoresis (DGGE). The results of this 
study provide the first description of the bac-
terial community in Lake Tanganyika and are 
the first data on BCC in a tropical lake. Verti-
cal and horizontal differences in BCC were 
related to important environmental gradients 
in the lake. 
Materials and Methods
Study site. Lake Tanganyika is situated in 
East Africa and is bordered by Burundi, Tan-
zania, Zambia and Congo. This lake is part of 
the East African rift valley. With a maximum 
depth of 1470 m, it is the second deepest lake 
in the world. The lake measures 650 by 50 km 
(average width) and can be divided in 3 sub-
basins: the Kigoma basin in the north (1310 
m), the central Kalemie basin (800 m) and the 
East-Marungu basin in the south (1470 m) 
(Coulter 1991). The lake displays an annu-
ally recurrent limnological cycle related to the 
monsoon season (Plisnier et al. 1999, Plisnier 
& Coenen 2001). During the dry season (May 
or June to September or October), southeast 
monsoon winds tilt the thermocline towards 
the surface in the southern part of the lake. 
This causes an upwelling of deep water in the 
south of the lake and an accumulation of warm 
surface water in the north of the lake. When 
the monsoon winds subside during the rainy 
season, the thermocline exhibits dampened 
oscillations. These oscillations cause internal 
waves and alternated upwelling in the north 
and south of the lake. The maximum stability 
of the lake is reached at the end of the rainy 
season in January to April. Long-term moni-
toring suggests that tilting of the thermocline 
and upwelling of deep water are reduced dur-
ing El Niño years (Plisnier 1998). 
Field sampling. For this study, samples 
were collected on a 7-day cruise from the 
north to the south of the lake on 10 to 14 July, 
during the dry season of 2002. Water samples 
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were collected at eight sites situated along 
a north-south transect in the lake (Fig. 1) 
using Hydrobios (5 L) or Go-Flo (up to 12 L) 
sampling bottles. At each site, samples were 
collected each 20 m down to 100 m. Below 
a depth of 100 m, samples were collected ev-
ery 100 to 200 m down to 400 or to 1200 m, 
depending on the depth of the lake at the site. 
In some cases different hauls were required to 
collect large enough volumes for the different 
analyses. At each site temperature, conductiv-
ity, dissolved oxygen (DO) and pH depth pro-
files were recorded using a SeaBird 19 CTD 
(conductivity-temperature-depth) instrument. 
For determination of the bacterial production 
equal volumes of water samples from 0, 10, 20 
and 30 m, representing the upper mixed layer 
of the water column, were pooled. Subsamples 
for nutrient analysis were stored refrigerated 
for analysis within 24 h on board of the ship. 
For pigment analysis, equal volumes of wa-
ter from 0, 20, 40 and 60 m were pooled to 
obtain a composite epilimnetic sample. The 
pooled sample was filtered over a GF/F fil-
ter. Subsamples for enumeration of bacteria, 
phytoplankton (both < 5 µm and ≥ 5 µm), 
heterotrophic nanoflagellates (HNF) and cili-
ates were fixed according to the lugol-forma-
lin-thiosulphate method (Sherr & Sherr 1993). 
For analysis of BCC, water was prefiltered 
over 5-µm polycarbonate filter to sample only 
free-living bacteria. The 5-µm filtrate was 
then filtered with a 0.22-µm membrane filter, 
which was folded, wrapped in aluminum foil, 
and stored frozen. 
Analysis of samples. Water used for anal-
ysis of dissolved inorganic nutrients was first 
filtered with a GF/F filter. Nitrate concentra-
tions were determined spectrophotometrically 
using Macherey-Nägel kits. Soluble reactive 
phosphorus (SRP; PO
4
-P) and total phosphorus 
(TP) contents were determined using standard 
methods (Greenberg et al. 1992). Unfortunate-
ly, NH
4
 measurements proved to be unreliable. 
The procedure for pigment extraction and 
analysis was based on the procedures of Pan-
dolfini et al. (2000) and Descy et al. (2000). 
Phytoplankton that were ≥5 µm in diameter 
were identified when possible and enumerated 
using an inverted microscope. Phytoplankton 
biomass was estimated from cell biovolume 
measurements and previously published bio-
volume to carbon conversion data (Menden-
Deuer & Lessard 2000). Ciliates were also 
enumerated by inverted microscopy, but the 
quantitative protargol staining technique was 
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Fig. 1. Sampling sites along a longitudinal tran-
sect in Lake Tanganyika.
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used for the identification of the dominant spe-
cies (Montagnes & Lynn 1993). Biovolume of 
ciliates was converted to biomass according 
to Putt and Stoecker (1989). Bacteria, phyto-
plankton <5 µm and HNF were enumerated 
using epifluorescence microscopy. Bacteria 
were stained with DAPI (4’,6’-diamidino-2-
phenylindole; Porter & Feig 1980) and filtered 
onto a 0.2-µm pore-size membrane filter. At 
least 400 cells were counted in a minimum 
of 10 randomly chosen fields using UV il-
lumination. When filamentous bacteria were 
encountered, the total length of filaments in 
the field of view was recorded. For enumera-
tion of phytoplankton <5 µm, a subsample 
was filtered onto a 0.8-µm pore size mem-
brane filter. At least 400 cells were enumer-
ated using violet-blue illumination (395- to 
440-nm excitation filter and 470-nm emission 
filter) using a Zeiss Axioplan microscope at 
a magnification of ×1000. A distinction was 
made between picophytoplankton (diameter, 
<2 µm) and phytoplankton that were 2 to 5 
µm in diameter. For the picophytoplankton, 
prokaryotic cells were discriminated from 
eukaryotic cells by switching to green illumi-
nation (510- to 560-nm excitation filter and 
590-nm emission filter) (MacIsaac & Stock-
ner 1993). Heterotrophic nanoflagellates were 
stained with DAPI and filtered onto 0.8-µm 
pore size filters. A minimum of 100 cells was 
counted using UV-illumination (365-nm exci-
tation filter and 397-nm emission filter). The 
biovolume of HNF was estimated from cell 
measurements and converted to C biomass as 
described by Putt and Stoecker (1989). 
Bacterial production. Bacterial 
production was estimated by determining the 
rate of incorporation of tritiated thymidine 
into DNA (Fuhrman & Azam 1980, 1982). 
Subsamples of 20 ml were incubated with 
[3H]thymidine (20 nM) for 2 h at the lake 
temperature in the dark. Incubations were 
ended by adding cold 15% trichloroacetic 
acid (10 ml) and storing the preparations for at 
least 15 min at 4°C. Subsamples were filtered 
through 0.2-µm cellulose nitrate filters. The 
filters were rinsed with 5% trichloroacetic acid 
and, when dry, stored in scintillation vials. 
Subsamples were radio-assayed (Beckman 
LS6000IC) after addition of scintillation 
cocktail (Filter-Count; Packard). A conversion 
factor of 1 × 109 cells per nanomole of 
thymidine and indigenous bacterial carbon 
contents were used to convert the thymidine 
incorporation into carbon units.
DGGE analysis. Part of the filter for 
DGGE analysis was cut out with a sterile 
scalpel, and DNA was extracted using the 
extraction protocol described by Muyzer et 
al. (1993). DNA was purified on a Wizard 
column (Promega, Madison, WI, USA) used 
according to the manufacturer’s recommenda-
tions. For DGGE analysis, a small 16S rDNA 
fragment was amplified with the primers 
F357-GC  (5’-CGCCCGCCGCGCCCCGC-
GCCCGGCCCGCCGCCCCCGCCCCCC 
TACGGGAGGCAGCAG-3’) and R518 (5’-
ATTACCGCGGCTGCTGG-3’). PCR ampli-
fication procedures were performed with these 
primers specific for the domain Bacteria as 
described in Van der Gucht et al. (2001) using 
a Genius temperature cycler with 4 to 8 µl of 
template DNA. The presence of PCR products 
and their concentration were determined by 
analyzing 5 µl of product on 1% (wt/vol) aga-
rose gels, staining with ethidium bromide and 
comparison with a molecular weight marker 
(Smartladder; Eurogentec). Equal amounts 
of PCR product were applied to the DGGE 
gel using a denaturing gradient containing 35 
to 70 % denaturant and run as described by 
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Muyzer et al. (1993) with the slight modifica-
tion described by Van der Gucht et al. (2001). 
As standards, we used a mixture of DNA from 
nine clones, obtained from a clone library of 
the 16S rRNA genes from a small eutrophic 
lake. On every gel, three or four standard lanes 
were analyzed in parallel to the samples. To 
obtain a matrix with the relative intensity of 
each band in all samples, the gels were ana-
lyzed using the software package Bionumer-
ics 5.1. (Applied Maths BVBA, Kortrijk, 
Belgium). A number of bands with more than 
40% relative band intensity in at least two 
samples were selected for sequencing. These 
bands were excised and sequenced after re-
extraction and amplification. Sequencing was 
performed with the ABI-Prism sequencing kit 
(PE Biosystems) using the primer Stef1Tex (5’ 
GCGTTCATCGTTGCGAG 3’) and an auto-
mated sequencer (ABI-Prism 377). A nucleo-
tide BLAST search (Altschul et al. 1998; http:/
/www.ncbi.nlm.nih.gov/blast/) was performed 
in order to obtain sequences with the greatest 
significant alignment. 
Data analysis. To obtain a quantitative 
measure of water column stability at each 
site, the Potential Energy Anomaly (PEA) 
for the upper 100 m of the water column was 
calculated according to Simpson et al. (1982). 
Pigment data were processed with the CHEM-
TAX software to estimate the contribution of 
major algal groups to total phytoplankton bio-
mass; an initial pigment ratio matrix derived 
from a published study on oligotrophic lakes 
(Descy et al. 2000). Details on the analysis 
of pigment data can be found in Descy et al. 
(2005). The similarity of the bacterial com-
munity in the lake with communities from 
other freshwater systems was explored by 
aligning the sequenced DGGE bands with 
representatives from related freshwater 
clusters as defined by Zwart et al.(2002), 
Warnecke et al.(2004) and with close relatives 
retrieved from GenBank. The alignment was 
carried out in ClustalX (Thompson et al. 
1997) and the aligned sequences were used 
with PAUP4b10 (Swofford 1999) to construct 
a 1000× bootstrapped neighbour-joining 
tree rooted with the Archaeon Pyrodictium 
occultum.
Nucleotide sequence accession num-
bers. The sequences determined in this study 
have been deposited in the GenBank data-
base under accession numbers AY845326 to 
AY845337.
Results
Environmental variables. The surface 
water temperature declined from 26.5°C in the 
north to 25.2°C in the south of the lake. The 
thermocline depth simultaneously increased 
from 60 m in the north to about 120 m in the 
south of the lake (Fig. 2). At depths below 
120 m, the temperature differences between 
the north and south of the lake were very 
small. As a result of the latitudinal variation 
in thermocline depth, the PEA decreased from 
the north to the south of the lake (Fig. 3). The 
dissolved oxygen concentrations at the lake 
surface did not differ much between the north 
and the south of the lake. Anoxic conditions 
were reached at about 120 m depth in the north 
of the lake and at about 180 m depth in the 
south. The conductivity at the water surface 
was higher in the north than in the south of 
the lake (Fig. 4) and increased below the ther-
mocline at all sites. The pH decreased below 
the thermocline at all sites and did not differ 
between the north and the south of the lake 
(Fig. 4). SRP and TP concentrations (Fig. 4) 
increased below the thermocline throughout 
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the lake. Epilimnetic concentrations of SRP 
were similar in the north and in the south of 
the lake while TP concentrations were slightly 
higher in the south. At depths below 700 m, 
the SRP and TP concentrations were slightly 
higher in the north than in the south of the 
lake. The concentrations of nitrate generally 
peaked between the thermocline and oxycline. 
In the surface waters, nitrate concentrations 
were higher in the south of the lake than in the 
north of the lake. Nitrate was absent at depths 
below 500 m due to conversion to ammonia in 
anoxic conditions. 
Biological components. The total phyto-
plankton biovolume at a depth of 20 m was 
low at all sites (<50 mm3 m-3) and increased 
from the north to the south of the lake. The 
contribution of phytoplankton smaller than 
5 µm in diameter to the total phytoplankton 
biomass increased towards the south of the 
lake (Fig. 3). The chlorophyll a concentrations 
measured in pooled samples from 0 to 60 m 
depth ranged from 0.3 to 1.0 µg Chl a L-1 and 
increased from the north to the south of the 
lake (Fig. 3). The concentrations in the eupho-
tic zone were slightly higher (ranging from 0.5 
to 1.3; Descy et al. 2005). Using processing 
of pigment data with CHEMTAX, Cyano-
bacteria of the Synechococcus pigment type 
and Chlorophytes were identified as the main 
phytoplankton groups, contributing to about 
90% of the total chlorophyll a concentration. 
The biomass of heterotrophic nanoflagellates 
at 20 m depth ranged between 2.2 and 3.3 µg 
C L-1 and did not display a clear latitudinal 
trend. The mean size of the HNF was between 
2 and 5 µm. The ciliate biomass at 20 m depth 
ranged between 0.1 and 8.8 µg C L-1 and was 
maximal at station TK1 and minimal at sta-
tions TK9 and TK11. The ciliate community 
was dominated by the peritrich species Pseu-
dohaplocaulus sp. and Vorticella aquadulcis.
Bacterial abundance ranged from 1 × 106 
to 4 ×106 cells ml-1 in surface waters and from 
3 × 105 to 4 × 105 cells ml-1 below 200 m depth 
(Fig. 4). At depths below 200 m, colonies 
of filamentous bacteria were present in all 
samples. Due to the low numbers of filaments 
encountered during the counts, the total fila-
ment length  varied strongly between samples 
(1.6 × 105 to 8.8 × 105 µm ml-1). The average 
total length of filaments for all hypolimnetic 
samples was 6 × 105 µm ml-1. Like bacterial 
abundance, the bacterial production in epilim-
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Fig. 2. Temperature (left panel) and oxygen (right panel) profiles for 200 m at the sampling sites.
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nion samples also increased from the north to 
the south of the lake. 
DGGE-analysis. In the 56 samples that 
were analyzed by means of DGGE, 35 band 
classes were discerned. The number of bands 
encountered per sample varied between 4 and 
19 and was on average 12. The number of 
bands generally increased from the lake sur-
face to deep waters. In the surface waters the 
number of bands increased from the north to 
the south of the lake (Fig. 3). 
Band sequencing. Eleven bands belong-
ing to different band classes were sequenced. 
These sequenced bands accounted for on 
average 71% of the relative band intensity 
in the samples. Only five of the sequenced 
bands were closely related (>98 % similarity) 
to sequences deposited in GenBank database 
(genotypes 1, 2, 3 & 6). The 6 remaining geno-
types exhibited lower sequence similarity (92 
to 97%; genotypes 5, 7, 8, 10 & 11). Phyloge-
netic relationships between our sequences and 
the database sequences are shown in Fig. 5.
The distribution of these sequenced 
bands is shown in Fig. 6. Genotypes 1, 3, 4, 
5 and 10 were almost exclusively found in 
the oxic epilimnion of the lake. These geno-
types exhibited the highest similarity with 
Gammaproteobacteria (genotypes 1 and 5), 
Actinobacteria (genotype 3 and 10), and 
Cyanobacteria (genotype 4). Genotype 1 oc-
curred mainly in the south of the lake while 
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Fig. 3. Horizontal profiles (from south to 
north) of measured biotic parameters and the 
potential energy anomaly (PEA). Each dot in 
the graph represents a sampling station, with 
TK11 left in the graph and TK1 on the right. (A) 
Horizontal changes in phytoplankton biomass 
at a depth of 20 m, obtained from inverted 
microscope (≥5 µm) and epifluorescence (<5 
µm) counts. (B) Results of depth-integrated 
(0 to 60 m) chlorophyll a measurements and 
CHEMTAX analysis. Data for Synechococcus-
like Cyanobacteria, Chlorophytes, and other 
phytoplankton groups are expressed as 
chlorophyll a equivalents determined by the 
CHEMTAX analysis. (C to H) HNF biomass 
(C), ciliate biomass (D), bacterial densities (E), 
bacterial production (Bact. prod.) (F), number 
of DGGE-bands (G), and the PEA calculated 
for the upper 100 m (H).
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genotypes 5 and 10 were more common in the 
north. The closest matches during a BLAST 
search for genotype 1 were a Gammaproteo-
bacterium isolated from ocean floor basalt 
(98% sequence similarity; Lysnes et al. 2004) 
and an Acinetobacter sp. from effluent from 
a bioremediation site (99%). Closest relative 
to genotype 5 was a Gammaproteobacterium 
belonging to the Legionellales isolated from 
a Swedish lake. Genotypes 3 and 10 showed 
high sequence similarity with Actinobacteria 
from Swedish lakes and respectively belonged 
to the acI-B and the acIV-A cluster as defined 
by Warnecke et al. (2004). Genotype 4 was 
identified as Synechococcus. This genotype 
also occurred in some hypolimnetic samples. 
The short length of the sequence did not allow 
discrimination between freshwater (accession 
no. AY224198) and marine (accession no. 
AY135672) Synechococcus sequences.
Genotypes 2, 8 and 9 were mainly found 
in hypolimnetic waters, and showed high sim-
ilarity to the Gammaproteobacteria (genotype 
2 and 8) and Deltaproteobacteria (genotype 
9). Genotype 2 showed high similarity (99%) 
to Actinobacter calcoaceticus. Genotype 8 ex-
hibited the highest similarity (97%) to a mem-
ber of the Gammaproteobacteria found on the 
roots of Proteaceae (accession no. AY827046) 
and the gammaproteobacterium Stenotroph-
omonas isolated from effluent from a water 
treatment plant (AY803991). Genotype 9 ex-
hibited the highest similarity to an uncultured 
bacterium from deep groundwater (95%) and 
to a member of the Deltaproteobacteria isolat-
ed from uranium mining waste piles (94%). 
Genotypes 6, 7 and 11 were abundant 
in the hypolimnion throughout the lake but 
were also detected in epilimnetic samples in 
the south of the lake. These genotypes were 
identified as Nitrospirae, green nonsulfur bac-
teria and Firmicutes respectively. Genotype 
6 showed 99% sequence similarity to an un-
identified Nitrospirae detected in ground wa-
ter from a deep-well injection site. Genotype 
7 has the highest similarity (95%) with a green 
nonsulfur bacterium isolated from subseafloor 
sediment from the Sea of Okhotsk (NT-B3 
����
����
���
���
���
���
���
��
�
�
��
��
���
�
���� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� � � � � � � � �� �� ��
������������
���������
�� ������������ ����������� ������������ ��������
����������� ����
���������������
Fig. 4. Depth profiles over 1200 m for conductivity, pH, SRP, TP, NO
3
, bacterial densities and the 
number of bands for the northern (open circles) and southern (solid circles) stations. The values are 
averages of the data for sites TK1, TK2 and TK3 for the northern sites and of the data for sites TK5, 
TK6, TK8, TK9 and TK11 for the southern sites.
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cluster, Inagaki et al. 2003) and an uncultured 
genotype found in polluted groundwater. Gen-
otype 11 has 96% sequence similarity (74 of 
93 bp.) with an Alicyclobacillus sp. and an A. 
vulcanis sequence isolated from hot springs.
Discussion
Lake Tanganyika is a meromictic lake 
characterized by permanent vertical tempera-
ture stratification. Many other environmental 
variables like dissolved oxygen, pH, conduc-
tivity and inorganic nutrient concentrations 
were strongly linked to the vertical tempera-
ture gradient. Eight of the 11 sequenced band 
classes displayed a clear vertical zonation that 
was related to the water column stratification 
(Fig. 6). The number of bands in the DGGE 
analysis also differed between epi- and hypo-
limnetic samples, with hypolimnetic samples 
having a higher number of bands than the 
epilimnetic samples1. Filamentous bacteria 
were observed in all samples from the anoxic 
hypolimnion, but in no epilimnetic samples. 
As filamentous bacteria were excluded from 
the DGGE analyses due to prefiltration of the 
samples, differences in BCC between epi- and 
hypolimnion were probably more pronounced 
than the DGGE data suggest 
As in most tropical temperature-stratified 
lakes, the vertical and horizontal temperature 
differences were relatively small in Lake 
Tanganyika (only 1.5 to 3°C). It is unlikely 
that such small temperature differences were 
responsible for the pronounced horizontal and 
vertical differences in BCC. Therefore, the 
influence of vertical and latitudinal temperature 
differences in Lake Tanganyika on BCC was 
probably indirect and due to regulating of the 
degree of mixing of deep and surface waters. 
Throughout the lake, the transition from 
epilimnion to hypolimnion was associated with 
a transition from oxic to anoxic conditions. As 
bacteria require different metabolic pathways 
to survive under oxic and anoxic conditions, 
differences in oxygen concentration may to 
a large extent explain differences in BCC 
between the epilimnion and the hypolimnion. 
Genotype 9, which was closely related 
to a member of the Deltaproteobacteria, 
was found mainly in deep water samples. 
Deltaproteobacteria are known to occur 
mainly in benthic environments and are rarely 
found in oxygenated water columns (Nold & 
Zwart 1998). This suggests that differences 
in oxygen concentration indeed contributed 
to vertical differences in BCC. Pronounced 
vertical differences in BCC have already 
been observed in stratified lakes with anoxic 
deep waters. Konopka et al. (1999) observed 
differences in BCC between oxic and anoxic 
water samples from 10 thermally stratified 
lakes in northeastern Indiana.. Koizumi et 
al. (2004) found important vertical changes 
in the BCC in the saline meromomictic Lake 
Kaiike. However, vertical differences in BCC 
were also observed in stratified lakes without 
an anoxic hypolimnion. Denisova et al. (1999) 
for example showed significant differences in 
BCC with depth in Lake Baikal. Lindström 
et al. (2004) observed greater dominance of 
Verrucomicrobia in the oxic hypolimnion of 
a Swedish lake.
Genotypes 6, 7 and 11 were found in 
anoxic deep waters throughout the lake but 
occurred also in the epilimnion in the south 
of the lake. This suggests that some genotypes 
are not restricted to either aerobic or anaerobic 
conditions. Instead of being linked to 
oxygen concentrations, the distribution of 
these genotypes may be related to nutrient 
concentrations. Nutrient concentrations in 
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Lake Tanganyika were high in the hypolimnion 
throughout the lake. Due to upwelling of deep 
nutrient-rich water, nutrient concentrations 
were also increased in the epilimnion in the 
south of the lake. This was particularly clear 
for nitrate2. The occurrence of hypolimnetic 
bacteria in surface waters enriched with 
nutrients is in agreement with observations 
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Fig. 5. Neighbor-joining tree showing phylogenetic relationship between sequenced genotypes, their 
closest matches during a BLAST search and relevant cluster representatives from Zwart et al.(2002) 
and Warnecke et al. (2004). Bootstrap percentages greater than 50 are indicated at the nodes and show 
the support for a cluster 1000 replicates. GenBank accession numbers are indicated in parentheses. 
Unc., uncultured; FW, genotypes isolated from freshwater environments.
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by Lindström et al. (2004). They found that 
typical hypolimnetic bacteria appeared in 
epilimnetic samples to which nutrients were 
added. In a transplant experiment carried out 
in a eutrophic reservoir, a significant effect 
of nutrients on BCC has also been observed 
(Gasol et al. 2002).
In addition to the pronounced vertical 
water column stratification of Lake Tang-
anyika we also observed a clear latitudinal 
environmental gradient in the epilimnion of 
Lake Tanganyika. Going from the north to 
the south of the lake, thermo- and oxycline 
depth increased, the PEA decreased and ni-
trate concentrations increased. This indicated 
that there was erosion of the thermocline and 
upwelling of deep water in the south of the 
lake. Upwelling of deep water in the south of 
Lake Tanganyika is an annually recurrent phe-
nomenon during the dry season that is related 
to a tilting of the thermocline by southeasterly 
monsoon winds (Plisnier et al. 1999). Upwell-
ing of nutrient-rich water resulted in a higher 
phytoplankton biomass and, surprisingly, an 
increased importance of small phytoplank-
ton (diameter, <5 µm) in the phytoplankton 
community. The upwelling event was also 
reflected in a latitudinal gradient in BCC. 
Compared to the vertical gradient in BCC, a 
smaller number of genotypes showed a clear 
latitudinal variation (6 of the 11 band classes 
sequenced). The influence of spatial variations 
in water column stability or upwelling on 
BCC has to our knowledge not been studied 
previously in lakes. In marine ecosystems, 
however, local hydrodynamic phenomena like 
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Fig. 6. Distribution of different genotypes throughout the lake. The panel numbers correspond to the 
band class numbers in Fig. 5. The sizes of the circles correspond to the relative band intensities of the 
genotypes on the DGGE gel.
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upwelling regions or fronts have also been 
found to influence BCC. Kerkhof et al. (1999) 
observed changes in BCC during an upwelling 
event in the Mid-Atlantic Bight. Pinhassi et al. 
(2003) observed strong changes in BCC along 
the Kattegat-Skagerak front in the North Sea. 
Schauer et al. (2000) related changes in BCC 
in a coastal embayment of the Mediterranean 
to upwelling of deep water from a submarine 
canyon. Upwelling of deep water in the south of 
Lake Tanganyika may influence BCC directly 
by increasing nutrient concentrations in the 
epilimnion. But the effect of nutrients on BCC 
in the upwelling region may also be indirect. 
Upwelling of deep, nutrient-rich water in the 
south of Lake Tanganyika was associated with 
an increase in total phytoplankton biomass and 
a higher contribution of small (diameter, <5 
µm) phytoplankton. Changes in total biomass 
and community composition of phytoplankton 
may influence the quantity and quality of 
organic matter supplied to bacteria and in that 
way influence BCC (Malinsky-Rushansky & 
Legrand 1996). In a study of BCC in arctic 
lakes, the bacterial community was found to 
change with the dominant source of organic 
matter (Crump et al. 2003). In phytoplankton 
cultures, different bacterial communities are 
often associated with different phytoplankton 
species (e.g. van Hannen et al. 1999). In the 
epilimnion, the number of bands was higher 
in the south when compared to the north of the 
lake. The mean number of bands per sample 
in the epilimnion was positively correlated 
with bacterial production, suggesting a posi-
tive diversity-productivity relationship. Yan-
narell and Triplett (2004) also found a positive 
diversity-productivity relation in different 
Wisconsin lakes. Horner-Devine et al. (2003), 
however, found that the response of bacte-
rial diversity to productivity in a mesocosm 
experiment were different for different major 
taxonomic groups.
In the hypolimnetic samples of Lake Tan-
ganyika, the genotypes with the greatest rela-
tive band intensity were identified as members 
from the Delta-Proteobacteria, Nitrospirae, 
green nonsulfur bacteria and Firmicutes. The 
sequences exhibited similarity to genotypes 
isolated from other freshwater environments, 
albeit different from hypolimnetic lake water, 
ranging from deep groundwater to acidic hot 
springs. However, they were not included 
in the typical freshwater clusters defined by 
Zwart et al. (2002). This is not surprising 
since anoxic environments were not included 
in Zwart et al.’s study (Zwart et al. 2002). 
The genotypes with the highest relative band 
intensity in the epilimnion were identified as 
members of the Actinobacteria, Gammapro-
teobacteria and Cyanobacteria. Actinobac-
teria are generally an important component 
of freshwater bacterial communities (Nold & 
Zwart 1998) and the Actinobacteria found in 
our study belong to the typical freshwater clus-
ters defined by Zwart et al. (2002). The repre-
sentatives of the Gammaproteobacteria were 
not identified as belonging to the freshwater 
gamma I cluster (Zwart et al. 2002). But they 
showed high similarities to species observed 
in other freshwater systems, like Swedish 
lakes and effluent from a bioremediation site. 
The importance of Gammaproteobacteria in 
the epilimnion of Lake Tanganyika was rather 
unexpected, as they are often of minor impor-
tance in freshwater ecosystems (e.g. Nold & 
Zwart 1998). Moreover, we did not detect 
Alpha- and Betaproteobacteria, which tend to 
be a major component of bacterial communi-
ties in freshwater systems. The prevalence of 
Gammaproteobacteria and lack of Alpha- and 
Betaproteobacteria in our samples, however, 
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may be related to bias in the DGGE analysis. 
The relative band intensity of a genotype in 
the DGGE analysis does not necessarily reflect 
the relative abundance of this genotype in the 
prokaryotic community (Kurata et al. 2004). 
For instance, Kirchman and Castle (2004) de-
tected Betaproteobacteria using fluorescent in 
situ hybridization but not using DGGE. The 
high relative band intensity of Synechococcus 
in our samples also illustrates this bias in the 
DGGE method. While Synechococcus often 
contributed to more than 50% of the relative 
band intensity in DGGE profiles of the epilim-
netic samples, epifluorescence counts indicat-
ed that the contribution of picocyanobacteria 
to total prokaryotic cell numbers could not 
have been higher than 10%. Moreover, cell 
counts and pigment data indicate an increase 
in picocyanobacteria, while the DGGE data 
show a decrease of the relative band intensity 
for Synechococcus.
Conclusions. This study demonstrates the 
presence of pronounced vertical and latitudi-
nal gradients in the BCC in Lake Tanganyika 
during the dry season of 2002. Vertical gradi-
ents in the BCC could be related to vertical 
differences in oxygen and/or nutrient concen-
trations. As Lake Tanganyika is a permanently 
stratified lake, vertical gradients in BCC are 
probably permanently present. Latitudinal 
gradients in BCC were related to upwelling of 
deep water in the south of the lake. Upwelling 
may influence BCC by influencing nutrient 
concentrations and phytoplankton biomass 
and community composition. Latitudinal dif-
ferences in BCC may be less pronounced at 
the end of the rainy season, when stratification 
is similar throughout the lake. Since 2002 was 
an El Niño year (although a weak event) and 
upwelling in Lake Tanganyika seems relative-
ly weak during El Niño years (Plisnier 1998), 
latitudinal differences in BCC may be more 
pronounced during the dry season of other 
years. Sequencing of the dominant bands in 
the DGGE gels revealed the presence of Ac-
tinobacteria and Gammaproteobacteria in 
the epilimnion, while Gammaproteobacteria, 
Nitrospirae, green nonsulfur bacteria, Actino-
bacteria, Deltaproteobacteria and Firmicutes 
were observed in the hypolimnion. A thorough 
analysis of the BCC using clone libraries, 
fluorescent in situ hybridization and/or reverse 
line blot is required to get more detailed infor-
mation on the occurrence of specific bacterial 
clusters in this lake. 
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Lake Tanganyika characterised by a distinct bacterial 
community
Aaike De Wever, Katleen Van der Gucht, Koenraad Muylaert, Sylvie Cousin, 
Wim Vyverman
The phylogenetic composition of bacterioplankton communities in Lake 
Tanganyika was studied by partial sequencing of 16S rDNA clones. Four 
clone libraries were constructed respectively from oxic epilimnion and an-
oxic hypolimnion samples from the northern and the southern basin, collected 
during the dry season of 2002. We detected the main bacterial divisions, Ac-
tinobacteria, Bacteroidetes, Cyanobacteria, Proteobacteria and Chloroflexi. 
In contrast with freshwater environments in temperate and cold regions we 
observed a high number of clones belonging to Chloroflexi and Gammapro-
teobacteria and a high contribution of clones with a high similarity to se-
quences not previously detected in freshwater environments. Comparison of 
the different clone libraries revealed clear differences in bacterial community 
composition between both epi- and hypolimnion and north and south, with 
the higher contribution of hypolimnion clones in the epilimnion in the south 
of the lake probably related to the upwelling of nutrient richer deep water in 
the south of the lake.
Introduction
Despite the introduction of culture-in-
dependent methods for mapping bacterial 
community composition (BCC) more than a 
decade ago (Giovannoni et al. 1990), BCC 
in freshwater ecosystems has still only been 
studied to a limited extent. Bacterial com-
munities have been investigated in differ-
ent types of freshwater ecosystems, ranging 
from oligotrophic crater lakes (Urbach et al. 
2001) over deep stratified lakes (Konopka et 
al. 1999), eutrophic shallow lakes (Šimek et 
al. 2001, Van der Gucht et al. 2001, Muylaert 
et al. 2002, Zwart et al. 2002, Van der Gucht 
et al. 2005), humic polar lakes (Bahr et al. 
1996, Crump et al. 2003, Pearce et al. 2003) 
and rivers (Crump et al. 1999). Most of these 
studies, however, were carried out in temper-
ate to cold regions in the northern hemisphere. 
Studies from tropical lakes are scarce and are 
often limited to unusual environments like hot 
springs (Jackson et al. 2001) or focus only on 
selected bacterial clades (Elsgaard et al. 1994, 
Eder & Huber 2002, Hahn 2003). The world’s 
largest lakes are also underrepresented in stud-
ies of BCC. Of the 10 largest lakes by volume, 
BCC has to our knowledge only been studied 
in Lake Baikal (Denisova et al. 1999, Se-
menova et al. 2001, Bel’kova et al. 2003) and 
during our DGGE study on Lake Tanganyika 
(De Wever et al. 2005). Although a DGGE 
study by Konopka et al. (1999) highlighted 
the contrast between oxic and anoxic samples 
in a series of thermal stratified lakes in north-
eastern Indiana, studies on the BCC in anoxic 
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hypolimnia or monimolimnia are also rather 
scarce. In a study based on the construction 
of clone libraries in the meromictic Lake Cad-
agno, the authors detected a high contribution 
of Gammaproteobacteria near the oxic-anoxic 
boundary (Bosshard et al. 2000).
From the studies on BCC in freshwater 
environments, a fairly restricted set of geno-
type clusters that are typical for freshwater 
environments seems to emerge (Hiorns et 
al. 1997, Glöckner et al. 2000, Zwart et al. 
2002). This suggests the existence of typical 
freshwater clusters of bacteria that evolved in 
freshwater environments and were not merely 
‘transported’ from soil. Recently, Eiler & Ber-
tilsson (2004) detected some new freshwater 
clusters in Swedish lakes, presumably associ-
ated with cyanobacterial blooms. Genotypes 
found in freshwater, but diverging from the 
typical freshwater clusters often originate 
from very peculiar habitats such as hot springs 
(Jackson et al. 2001), activated sludge (De 
Gelder et al. 2005), aquifers (Cummings et 
al. 2003) and rice fields (Lueders et al. 2004). 
The geographic range of the studies carried 
out so far precludes conclusions on whether 
these typical freshwater clusters have a global 
distribution or are mainly restricted to temper-
ate regions. More studies including freshwater 
ecosystems from tropical regions and from the 
southern hemisphere are needed to determine 
whether the same clusters of freshwater bac-
teria occur everywhere or whether regional 
differences exist. While several studies sug-
gest that most micro-organisms have a global 
distribution, others indicate that some micro-
organisms may have a more restricted distri-
bution (e.g. see discussion in Whitfield 2005).
Tropical Lake Tanganyika is the deepest 
African rift lake (maximum depth 1470 m). It 
is permanently temperature stratified and its 
hypolimnion forms the largest anoxic fresh-
water volume in the world. This ancient lake 
harbours a high diversity and has a high de-
gree of endemism of various metazoa includ-
ing cichlid fishes, snails and crabs (Coulter 
1991). Recently we investigated the vertical 
and horizontal changes in BCC in Lake Tan-
ganyika using 16S rDNA DGGE analysis (De 
Wever et al. 2005). This study highlighted 
differences between the oxic epilimnion and 
anoxic hypolimnion and between the northern 
and southern basin. These latitudinal differ-
ences in BCC were associated with upwell-
ing of nutrient-rich deep water in the south 
of the lake. While this DGGE study revealed 
detailed information on the spatial distribution 
of bacterial genotypes in the lake, it lacked 
resolution on the taxonomy of the genotypes 
and the total diversity of the bacterial com-
munities. In order to identify the genotypes 
Fig. 1: Sampling sites along a latitudinal 
transect in Lake Tanganyika. Inset cross-
section along the sampling stations indicates 
the sampling depths at the selected stations.
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in Lake Tanganyika with a higher accuracy 
and to investigate the diversity of the bacterial 
communities in the lake more exhaustively, 
we constructed 16S rDNA clone libraries from 
four contrasting locations: epilimnetic and hy-
polimnetic samples from both the northern 
and the southern basin. 
Materials and Methods
Study site. Lake Tanganyika is situated in 
the East-African rift valley and is surrounded 
by the countries Burundi, Tanzania, Zambia 
and D.R. Congo (Fig. 1). The lake region is 
characterized by two main seasons; the wet 
season and the dry season. During the dry sea-
son (from May or June to September or Oc-
tober) south-eastern monsoon winds cause a 
transport of warmer surface water to the north, 
which results in upwelling of colder nutrient 
rich water in the south of the lake and internal 
waves periodically bringing nutrient richer 
water higher up in the water column. The 
intensity of these internal waves decreases 
towards the end of the rainy season.
Data obtained during the dry season of 
2002 (De Wever et al. 2005) exhibit a clear 
difference in water column stratification at the 
northern and southern sites. The temperature 
and oxygen profiles (Fig. 2) demonstrate the 
lower stability in the south during upwelling 
and the absence of oxygen below 200 m. This 
upwelling also results in a difference in nutri-
ent concentrations between the epilimnion in 
the north and the south of the lake. A summary 
of different environmental conditions for the 
sampling sites is shown in Table 1. Conduc-
tivity and pH are slightly higher in the epilim-
nion in the north of the lake. Nitrate (NO
3
-N), 
soluble reactive phosphorus (SRP; PO
4
-P) and 
dissolved silicon concentrations are higher in 
the south of the lake. Bacterial densities are 
highest in the epilimnion in the south (3.05 × 
106 cells ml-1) and are comparable in the hypo-
limnion in both parts of the lake (0.30 × 106  to 
0.31 × 106 cells ml-1).
Sampling. Sampling was performed 
along a north-south transect on Lake Tang-
anyika during the dry season of 2002 (10-14 
July). The samples for genetic analysis were 
collected at 4 sites along this transect (Fig. 
1) using Hydrobios (5 L) or Go-Flo (up to 12 
L) sampling bottles. The epilimnion samples 
were collected from a depth of 20m, for the 
Depth (m)
Conductivity 
(µS cm-1)
pH
SRP
(mg L-1)
TP
(mg L-1)
NO
3
(mg L-1)
Si
(mg L-1)
Bacteria
(106 cells ml-1)
NE 20 673 8.99 0.08 0.14 0.25 0.77 1.90
NH 500-600 683 8.54 0.61 0.51 0.00 6.83 0.30
SE 20 666 8.92 0.16 0.21 0.44 1.45 3.05
SH 500-600 683 8.55 0.63 0.51 0.01 8.16 0.31
Table 1: Environmental conditions at the sampling sites as obtained during the dry season of 2002 (De 
Wever et al. 2005).
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Fig. 2: Temperature (left panel) and oxygen 
(right panel) profiles for 200 m at the 
sampling sites demonstrating the difference 
in stratification between the northern (TK1, 
TK2) and the southern sites (TK8, TK9).
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hypolimnion samples equal volumes collected 
from 500 and 600 m were pooled. The water 
samples for genetic analysis were prefiltered 
with a 5-µm polycarbonate membrane to sam-
ple only free-living bacteria. The filtrate was 
then filtered with a 0.22-µm membrane filter, 
filtration of sample water was stopped after 
clogging of the filter (typically around 4 L). 
The filters were folded, wrapped in aluminum 
foil and stored frozen. The sampling for this 
study was part of a more extensive sampling 
campaign for a DGGE study on BCC (De 
Wever et al. 2005).
DNA extraction and PCR. Genomic 
DNA from the natural bacterial communities 
was extracted following the protocol described 
by Zwart et al. (1998b), which includes the 
bead-beating method concomitant with 
phenol extraction and ethanol precipitation. 
After extraction, the DNA was purified on a 
Wizard column (Promega) according to the 
manufacturer’s recommendations. The nearly 
complete 16S rDNA was amplified with the 
primers 27F (5’-AGAGTTTGATCMTG-
GCTCAG-3’) and 1492R (5’-GRTACCTT-
GTTACGACTT-3’), which are specific for 
the domain Bacteria (Lane 1991). PCR was 
performed using the following reaction mixes: 
5 µl of template DNA, each primer at a con-
centration of 0.5 µM, each deoxynucleoside 
triphosphate at a concentration of 200 µM, 1.5 
mM MgCl
2
, 20 ng of bovine serum albumin, 5 
µl of 10X PCR buffer (100 mM Tris–HCl, pH 
9; 500 mM KCl), and 2.5 U of Taq DNA poly-
merase (AmpliTaq; Perkin–Elmer), adjusted 
to a final volume of 50 µl with sterile water 
(Sigma). PCR amplification was performed 
with a Genius temperature cycler using the 
following conditions; 3 min. incubation at 
94 ºC followed by 25 cycles consisting of 
denaturation at 94 ºC for 1 min., annealing at 
55 ºC, extension at 72 ºC for 2 min. and final 
extension at 72 ºC for 10 min. The presence 
of PCR products and their concentration was 
determined by analyzing 5 µl of product on 
1% (w/v) agarose gels, staining with ethidium 
bromide and comparison with a molecular 
weight marker (Smartladder; Eurogentec). 
Clone library construction. PCR prod-
ucts obtained with primers 27F and 1492R 
were purified using the QIAquick PCR purifi-
cation kit (Qiagen), ligated into pGEM-T Easy 
Vectors (Pro-
mega), and transformed into competent 
high efficiency Escherichia coli JM109 cells. 
The transformed cells were plated on Luria–
Bertani (LB) plates containing 20 µg L-1 ampi-
cillin, 20 µg L-1 of X-Gal (5-bromo-4-chloro-
3-indolyl-b-D-galactopyranoside; 50 mg ml-1) 
and 5 µg L-1 of IPTG (isopropyl-b-D-thioga-
lactopyranoside; 100 µM) as recommended 
by the manufacturer, and incubated overnight 
at 37 ºC. White recombinants were picked and 
grown overnight in ampicillin-supplemented 
liquid medium (Luria–Bertani–Broth). Clones 
were screened by DGGE analysis as described 
in De Wever et al. (2005). This allowed us to 
define classes of bands at the same position 
corresponding to clones containing (presum-
ably) the same inserts. One (or, occasionally, 
two to four) representative of each band class 
was then chosen for sequencing. Plasmids 
were isolated and purified from each clone 
culture with a High Pure plasmid isolation 
kit (Boehringer). Initial sequencing was per-
formed with the ABI-Prism sequencing kit 
(PE-Biosystems) using the primer R519 (5’ 
-GTATTACCGCGGCTGCTG-3’) and an 
automated sequencer (ABI-Prism 377). To 
obtain nearly complete sequences we used 
the following primers; pD, pDA, O, OA, 3, 
64 - Chapter 3 Chapter 3 - 65
3A, Gamma and GammaA and assembled the 
sequences in Bionumerics. 
Data analysis and phylogenetic tree con-
struction. The presence of presumable chime-
ra sequences was checked prior to further anal-
ysis using the Chimera_check program (http:
//35.8.164.52/cgis/chimera.cgi?su=SSU). The 
Chao1 estimator was calculated using S=S
obs
 
+ (a2/2b) with S the Chao1 estimator, S
obs
 the 
observed number of OTU’s , a number of sin-
gletons, b number of doubletons (Chao 1984). 
A GenBank BLAST search (Altschul et al. 
1998) was performed for each of our sequenc-
es in order to identify the closest relatives. 
Closest relatives, representatives of typical 
freshwater clusters and sequenced clones were 
aligned in ARB for E. coli position 8 to 1492 
using the fast aligner option and manually cor-
rected using secondary structure. 
Phylogenetic analyses were performed 
with ARB (Ludwig et al. 2004). Trees were 
constructed using maxium likelyhood (Felsen-
stein 1981), with Thermococcus acidaminov-
orans (Y15935) as outgroup. Robustness of 
tree topology was explored using maximum 
parsimony with 100 bootstrap replications 
(Felsenstein 1985) and neighbour-joining with 
1000 bootstrap replications (Saitou & Nei 
1987). Tree topologies were explored using 
the maximum likelihood and the maximum 
parsimony methods. Based on the resulting 
trees we discerned three groups; 1) sequences 
closely related to typical freshwater clusters 
(Bahr et al. 1996, Hiorns et al. 1997, Methe et 
al. 1998, Bosshard et al. 2000, Glöckner et al. 
2000, Urbach et al. 2001, Van der Gucht et al. 
2001, Muylaert et al. 2002, Zwart et al. 2002, 
Eiler & Bertilsson 2004, Van der Gucht et al. 
2005), 2) sequences with similarities to iso-
lates from freshwater environments, but clus-
tering together with genotypes mainly isolated 
from other environments and 3) sequences 
which have not been observed in freshwater 
environments. 
Nucleotide sequence accession numbers. 
All partial 16S rDNA sequences described in 
this study were submitted to GenBank under 
accession numbers DQ463691 to DQ463726 
and DQ463728 to DQ463743.
Results and Discussion
A total of 598 clones were screened, with 
each of the four individual libraries containing 
between 129 and 173 clones (Table 2). Al-
though the Chao estimator suggested a fairly 
good coverage of the bacterial diversity (Table 
2), the species accumulation curves for the 4 
clone libraries did not reach a plateau (Fig. 
3). The clones belonged to 63 DGGE band-
classes. Two of these DGGE bandclasses were 
presumed chimera sequences, resulting in 61 
remaining bandclasses or OTU’s. The number 
NH NE SH SE Sum
Number of clones 129 160 136 173 598
Number of OTU’s 38 31 45 36 61
Chao estimator 58 72 58 45 81
Number of unique 
OTU’s
1 3 5 2 11
Table 2: Number of clones and OTU’s in the 
samples.
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Fig. 3: Rarefaction curves for the 4 clone 
libraries.
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of detected OTU’s (Table 2) was similar to 
studies from other freshwater environments 
that had a comparable sampling effort (e.g. Ei-
ler et al. 2003). Of the 61 OTU’s, 47 were se-
quenced, which corresponded to about 90% of 
the clones that were screened. The percentage 
of unsequenced clones was slightly higher in 
the epilimnion (14% in both north and south) 
than in the hypolimnion (5% in the north and 
9% in the south). 
Sequenced clones were identified as be-
longing to the Actinobacteria, Bacteroidetes, 
Chloroflexi, Cyanobacteria, Firmicutes, Fi-
brobacteres, Verrucomicrobia, OP5,Chlorobi, 
Planctomycetes division and the Alpha-, 
Beta-, Gamma- and Deltaproteobacteria 
subdivisions. The contribution of the differ-
ent bacterial divisions and subdivisions to 
the sequenced OTU’s is shown in Fig. 4. The 
phylogenetic relationships between the se-
quences derived from this study and database 
sequences are shown in Fig. 5 A-G. 
The contribution of the major bacterial 
divisions and subdivision to the 4 clone librar-
ies is shown in Fig. 4. The bacterial groups 
that were most represented in the clone library 
were the Cyanobacteria, Proteobacteria and 
Chloroflexi. The Cyanobacteria were mainly 
observed in the two epilimnetic clone librar-
ies and dominated in the epilimnion in the 
north of the lake. The Proteobacteria and 
Chloroflexi were most important in the hypo-
limnion and in the epilimnion in the south of 
the lake. The Gammaproteobacteria were the 
dominant subdivision of the Proteobacteria 
and were most important in the hypolimnion 
and in the epilimnion in the south. Betapro-
teobacteria had a comparable contribution to 
all 4 clone libraries. The Alphaproteobacteria 
were important only in the clone library of the 
epilimnion in the north of the lake while the 
Deltaproteobacteria were a minor group in all 
clone libraries. Actinobacteria were observed 
mainly in the south, Bacteroidetes were found 
in the epilimnion and in the hypolimnion in 
the north, Planctomycetes were observed at 
low densities in all samples. The remaining 
bacterial groups were only sporadically de-
tected in the clone libraries. Fibrobacteres and 
Fibrobacteres were only detected in the hypo-
limnion in the south, Chlorobi exclusively in 
the hypolimnion in the north, Verrucomicro-
bia were observed in the hypolimnion and the 
epilimnion in the south.
Five out of 8 OTU’s that were affiliated 
with the Actinobacteria clustered within the 
acIV lineage of this division (Fig. 5A). The 
� � � � � �
��������������
��
���
�
��
��
���
�
��������������
�������������
�������������������
������������������
�������������������
�������������������
�������������
����������
������������
����������� ��������������
δ
γ
β
α
α
α
α
α
β
β
ββ
γ
γ
γ
γ
δ
δ
δ
Fig. 4: Distribution of the bandclasses 
belonging to different bacterial divisions and 
subdivisions in the clone libraries. Small pie 
diagrams indicate the contribution of typical 
freshwater clusters, genotypes with sequence 
similarity to genotypes previously detected in 
freshwater environments (FW) and genotypes 
with sequence similarity to non-freshwater 
clones (Non FW).
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most abundant OTU, TK-SE1, clustered with-
in the acIV-A cluster (Warnecke et al. 2004), 
which corresponds to the CL500-29 freshwa-
ter cluster discerned by Zwart et al. (2002). 
This OTU was detected in the epilimnion in 
the south and in the hypolimnion at both sites. 
TK-SE2 and TK-SE7 clustered together with 
a clone isolated from a Chinese lake, while the 
first was exclusively found in the epilimnion 
sample in the south, the second, was observed 
in the hypolimnion and the epilimnion in the 
south. TK-NE1 was identified as belonging to 
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Fig. 5: Maximum likelyhood tree showing phylogenetic relationship between sequenced genotypes, 
their closest matches during a BLAST search and relevant cluster representatives from studies of 
Zwart et al. (2002), Glöckner et al. (Glöckner et al. 2000), Eiler et al. (2004), Warnecke et al. (2004). 
Bootstrap percentage shown at the nodes were calculated using maximum parsimony, only bootstrap 
support of 50% and more are show in the trees. Original environment and GenBank accession numbers 
are indicated in parantheses. Unc., uncultured; FW, genotypes isolated from freshwater environments. 
4A: Actinobacteria; 4B: Alphaproteobacteria; 4C: Beta and Gammaproteobacteria; 4D: Deltaproteobacteria; 
4E: Bacteroidetes; 4F: Chloroflexi; 4G: Remaining groups.
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the freshwater Urk0-14 cluster (Zwart et al. 
2002) and was only detected in the epilimnion 
in the north. TK-NE10b clustered together 
with this group but did have a much lower 
sequence similarity. The only OTU belonging 
to the acI cluster was TK-SE8b, and clustered 
between the acI-B and acI-C cluster with 
high similarity to freshwater representatives. 
TK-SH2, TK-NH1 and clustered within deep 
braching Actinobacteria clades exclusively 
composed of uncultured representatives.
One OTU was identified as a Firmicutes 
bacterium (Fig 5A; TK-SH20), this clone 
clustered within an unidentified cluster and 
had highest similarity to sediment bacteria 
from a polychlorinated dioxin dechlorinating 
bacterial consortium.
The Proteobacteria were represented by 
18 OTU’s (Fig. 5B-D). The Alpha subdivision 
was represented by 4 OTU’s. Two OTU’s (TK- 
NH4 and TK-NH3) were identified as belong-
ing to the Sphingomonadales, showing high 
sequence similarity to Sphingomonas koreen-
sis isolated from natural mineral water. Other 
OTU’s were related to the genus Rhodobacter 
and to Methylobacteriaceae isolated from re-
cent volcanic deposits in Hawaii. Four OTU’s 
belonged to the Betaproteobacteria. TK-NE2 
and TK-NE3 were detected in all samples and 
clustered together with Alcaligenes and rela-
tives isolated from freshwater environments, 
while TK-SH4, which clustered together 
with Aquabacterium citratiphilum clones 
isolated from soil and drinking water, was 
only picked up from the hypolimnion in the 
south. One OTU (TK-NE4), which was only 
detected in the northern basin, was related to 
Limnobacter isolates from water treatment 
plant effluent and sludge. The Gammaproteo-
bacteria were represented by 7 OTU’s. Two 
OTU’s (TK-SH7 and TK-NH8) were related 
to a phenol degrading Pseudomonas stutzeri 
species from hypoxic sludge. The first OTU 
was observed in all samples, while the second 
was only detected in the hypolimnion in the 
north and the epilimnion in the south of the 
lake. The remaining OTU’s had high sequence 
similarity to Acinetobacter spp from various 
sources. One OTU (TK-SH19) was only iso-
lated from the hypolimnion in the south and 
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had a high similarity to an E. coli 
strain. Only 3 OTU’s belonged to 
the Deltaproteobacteria. 2 OTU’s 
(TK-SH8/SH9) were only found 
in the hypolimnion. They were 
distantly related to with Desulfo-
bacca acetoxidans and had a high 
sequence similarity to sequences 
isolated from a hot spring  and from 
marine gas hydrates. The OTU 
TK-SH10 was found in the hypo-
limnion and in the epilimnion in the 
south. It displayed a high similarity 
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to a sequence isolated from uranium mining 
waste piles. 
Six OTU’s were identified as Bacteroide-
tes (Fig. 5E). Clones TK-NE9 and TK-SE3b 
clustered within the Flavobacterium ferru-
gineum clade had highest sequence similarity 
to a clone from the Swedish Lake Erken (Eiler 
& Bertilsson 2004). The clones (TK-NE5/
NE6/NE7) clustered together with uncultured 
representatives within the Flexibacter aggre-
gans cluster, mainly retrieved from freshwa-
ter environments. One Sphingobacteriaceae 
clone (TK-NE8) had the highest sequence 
similarity to a clone from a temperate delta 
(Stepanauskas et al. 2003).
One Chlorobi bacterium (green sulfur 
bacterium) has exclusively been observed in 
the hypolimnion in the north of the lake (TK-
NH7), and clustered together with uncultured 
representatives isolated from diverse soil en-
vironments. 
None of the 8 sequenced Chloroflexi 
OTU’s (Fig. 5F) were associated with the 
CL500-11 cluster of freshwater bacteria (Ur-
bach et al. 2001). Most OTU’s were distantly 
related to sequences isolated from soil or ma-
rine sediments, including marine gas hydrates 
in the Gulf of Mexico (TK-SH16) (Mills et al. 
2005), profundal sediment of Lake Kinneret 
(TK-SH17), marine sediment (TK-SH18), 
wastewater (TK-SH15), a 1,2-dichloropro-
pane dechlorinating consortium (TK-SH12-
14) and bioreactor sludge (TK-SH11).
The two Cyanobacteria OTU’s that were 
observed (Fig. 5G) were identified as belong-
ing to the Synechococcus 6b cluster as desig-
nated by Robertson et al. (2001) and showed 
highest similarity to genotypes isolated from 
Lake Biwa. 
The remaining genotypes (Fig. 5G) that 
were observed were identified as belonging 
to diverse groups including Acidobacteria, 
Planctomyces and Verrucomicrobia. OTU TK-
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SH1 clustered together with a deep groundwa-
ter clone belonging to the OP5 division. TK-
SH11 clustered together with Acidobacteria 
isolated form soil environments. TK-SH21 
clustered within a cluster with exclusively un-
cultured representatives isolated from marine 
sediment.The Planctomyces clone clustered 
together with uncultured representatives iso-
lated from a wastewater treatment plant. The 
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Verrucomicrobia clone had highest similarity 
to a clone from reservoir sediment.
Eleven OTU’s were considered to be-
long to known clusters of freshwater bacteria 
(Hiorns et al. 1997, Glöckner et al. 2000, Ur-
bach et al. 2001, Zwart et al. 2002). Fifteen 
OTU’s clustered together with sequences that 
have been reported from freshwater environ-
ments but belonged to clusters which also con-
tained representatives from marine and soil 
environments. Twenty two 0TU’s were not 
related to sequences reported from freshwater 
environments. The highest contribution to the 
clone libraries of these genotypes that have 
not previously been reported from freshwater 
environments was found in the hypolimnion 
and in the epilimnion in the south of the lake.
We detected the main bacterial divisions 
that are routinely found in other freshwater 
studies: Actinobacteria, Bacteroidetes, Cya-
nobacteria, Apha-, Beta-, Gamma- and Del-
taproteobacteria and Chloroflexi (Bahr et al. 
1996, Hiorns et al. 1997, Methe et al. 1998, 
Bosshard et al. 2000, Glöckner et al. 2000, 
Urbach et al. 2001, Van der Gucht et al. 2001, 
Muylaert et al. 2002, Zwart et al. 2002, Eiler 
& Bertilsson 2004, Van der Gucht et al. 2005). 
In most freshwater systems studied so far us-
ing similar techniques as the one applied in 
this study, Alpha- and Betaproteobacteria, Ac-
tinobacteria and Bacteroidetes tend to domi-
nate the clone libraries. In Lake Tanganyika, 
however, these (sub)divisions had a relatively 
minor contribution to the clone libraries while 
Chloroflexi, Gammaproteobacteria and Cya-
nobacteria were dominant in the clone librar-
ies. The importance of Gammaproteobacteria 
and Chloroflexi in the clone libraries of Lake 
Tanganyika was surprising, as these bacterial 
(sub)divisions have rarely been reported as 
important from other freshwater ecosystems. 
In Lake Tanganyika, Gammaproteobacteria 
and Chloroflexi were particularly important 
in the hypolimnetic clone libraries. Given the 
permanently anoxic conditions of the hypo-
limnion of the lake, these (sub)divisions may 
be linked to anoxic waters. So far, however, 
few studies on BCC have been carried out in 
anoxic hypolimnia of lakes. A study of BCC at 
the oxic-anoxic boundary in meromectic Lake 
Cadagno, however, also revealed an important 
contribution of these two bacterial groups 
to the bacteria community (Bosshard et al. 
2000). Gammaproteobacteria and Chloroflexi 
are also frequently reported from other anoxic 
environments, like waste water treatment sys-
tems (Björnsson et al. 2002), reservoir sedi-
ment (Wobus et al. 2003), the anoxic sediment 
of the saline lake Kaiike (Koizumi et al. 2004) 
and marine benthic environments (Freitag et 
al. 2003, Lopez-Garcia et al. 2003, Bissett et 
al. 2006). 
In Lake Tanganyika, Gammaproteobac-
teria and Chloroflexi were also relatively 
important in the clone library samples from 
the epilimnion in the south of the lake. The 
epilimnion in the south also shared some 
other characteristics with the hypolimnetic 
clone libraries, including the presence of Ver-
rucomicrobia and Deltaproteobacteria. The 
similarity of the BCC in the epilimnion in the 
south of the lake with that of the hypolimnion 
was also noted in a study of BCC using DGGE 
analysis, a survey that had a higher spatial 
resolution (De Wever et al. 2005). This simi-
larity was probably related to the upwelling of 
deep water in the south of the lake, which may 
result in upward transport of deep-water nutri-
ents and bacteria towards surface waters.
Cyanobacteria, more specifically Syn-
echococcus sp., had an important contribu-
tion to the epilimnetic clone libraries. This 
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was not surprising given the importance of 
Synechococcus-type cyanobacteria in the phy-
toplankton of Lake Tanganyika (Descy et al. 
2005). Epifluoresence counts indicated abun-
dances of up to 6 × 105 picocyanobacteria ml-1 
(Vuorio et al. 2003). The relative contribution 
in the clone library is higher than expected and 
may point to bias due to the use of PCR based 
methods (Reysenbach. A.-L. 1992). A high 
contribution of Synechococcus to clone librar-
ies has also been observed in other freshwater 
ecosystems where picocyanobacteria are pres-
ent in important numbers (Lake Loosdrecht; 
Zwart et al. 2002).
Both Zwart and Glöckner presented a list 
of bacterial genotypes that are widespread 
and common in many freshwater ecosystems. 
Several studies since Zwart et al. (2002) and 
Glöckner et al. (2000) have confirmed the 
existence of such typical freshwater bacteria 
(Hahn 2003, Eiler & Bertilsson 2004, War-
necke et al. 2004, Van der Gucht et al. 2005). 
In Lake Tanganyika, however, only a few of 
these typical freshwater bacteria were encoun-
tered. Bacterial clusters that are commonly 
found in freshwater environments and that 
tend to have a contribution to clone libraries 
(e.g. ACK4, LD12, Sta2-30) were not detected 
in the Lake Tanganyika clone libraries. Nearly 
half of the OTU’s could not at all be related to 
genotypes previously detected in freshwater 
environments. This points to an anomalous 
bacterial community in Lake Tanganyika. 
Lake Tanganyika can be typified as an ancient, 
oligotrophic, tropical lake with a large anoxic 
hypolimnion. Any of these features may ex-
plain the unusual composition of the bacte-
rial communities found in the lake. It seems 
unlikely that the unusual bacterial community 
composition of Lake Tanganyika is related to 
its oligotrophic nature. BCC has been studied 
previously in several other oligotrophic lakes, 
including Crater Lake (Urbach et al. 2001), 
Toolik Lake (Bahr et al. 1996), lakes from the 
Adirondack mountains (Hiorns et al. 1997), 
Lake Baikal (Semenova et al. 2001) and Lake 
Gossenkölle (Glöckner et al. 2000). None of 
these lakes shared the divergent BCC of Lake 
Tanganyika. Lake Tanganyika is also well 
known for its endemic species of fish, which 
have evolved during its ancient history. Possi-
bly, the lake’s ancient history also allowed for 
the development of a unique microbial com-
munity. In contrast to multicellular organisms, 
however, microorganisms are often consid-
ered to have global distribution (Fenchel et al. 
1997). This seems to be confirmed by studies 
in freshwater (Zwart et al. 1998a) and marine 
(Mullins et al. 1995) ecosystems, where iden-
tical genotypes have been found at distant 
locations. Recently however, several studies 
indicated more localized distribution patterns 
within various groups of microorganisms 
(Bell et al. 2005, Smith et al. 2005). The an-
oxic hypolimnion of the permanently stratified 
Lake Tanganyika, with its enormous volume 
of fossil water, could be considered as an iso-
lated environment where a unique community 
might have developed. The unusual BCC in 
Lake Tanganyika may also be due to its tropi-
cal location. So far, most studies on BCC in 
freshwater ecosystems have focused on tem-
perate ecosystems and, to our knowledge, no 
tropical systems have been investigated yet.
Conclusion
To our knowledge, this is the first detailed 
study on BCC in Lake Tanganyika and the first 
study of BCC in a tropical lake. Our results 
point to an unusual BCC in Lake Tanganyika, 
both at the (sub)division level and at the level 
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of bacterial clusters. In contrast to many pre-
viously studied freshwater ecosystems, the 
bacterial community in Lake Tanganyika con-
tained a high proportion of Gammaproteobac-
teria and Chloroflexi. Genotypes that are com-
monly reported from freshwater environments 
were rare or absent in Lake Tanganyika while 
nearly half of the OTU’s observed in the lake 
could not be related to sequences previously 
isolated from freshwater ecosystems. Clear 
differences in BCC were observed between 
the epi- and hypolimnion of the lake. The 
clone library of the epilimnion in the south of 
the lake displayed a similarity to those of the 
hypolimnion, probably due to upwelling of 
hypolimnetic water in the south of the lake.
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Community composition of eukaryotes in Lake Tanganyika 
investigated using DGGE and microscopical analyses
Aaike De Wever, Koenraad Muylaert, Katleen Van der Gucht, Sylvie Cousin, 
Christine Cocquyt, Jeroen Van Wichelen, Wim Vyverman
The community composition of small (< 5 µm) eukaryotic plankton 
in Lake Tanganyika was studied along a latitudinal transect during the dry 
season of 2002 using both morphological and molecular methods. Phyto-
plankton, heterotrophic nanoflagellates and ciliates were enumerated and 
identified using epifluorescence and inverted microscopy and compared to 
the results obtained using denaturing gradient gel electrophoresis (DGGE) 
analysis of PCR-amplified 18S rDNA fragments of samples prefiltered over a 
5-µm filter. Microscopical observations suggest a dominance of autotrophic 
phytoplankton and heterotrophic nanoflagellates, while molecular analysis 
suggest a high importance of ciliates. These latter are however presumably 
larger than 5 µm and are among the least abundant organisms detected using 
microscopy. The absence of chlorophytes in the DGGE despite their high 
abundance might point to difficulties in the extraction of small freshwater 
representatives. While microscopical analyses highlight latitudinal changes 
in the relative abundance of the different components, the DGGE analysis 
mainly demonstrates differences between organisms restricted to anoxic and 
oxic environments.
Introduction
In oligotrophic ecosystems, small (< 5 
µm) eukaryotic microorganisms like small 
phytoplankton and heterotrophic flagellates 
play an important role as primary producers 
and predators in the pelagic food web. Routine 
microscopical analyses often do not allow to 
identify these organisms. Molecular methods 
may provide tools to study the diversity of 
these microorganisms. PCR amplification of 
rDNA gene fragments followed by separation 
of these fragments using, for instance, DGGE 
(Van Hannen et al. 1998) or construction of 
clone libraries (Diez et al. 2001) have been 
proposed as methods to map the hidden diver-
sity of microbial eukaryotes. Sequencing of 
these DGGE bands or clones and comparison 
with sequences deposited in GenBank al-
lows to identify the organisms present. Such 
methods have since their development been 
successfully applied in both marine (Diez et 
al. 2001, Lopez-Garcia et al. 2001, Moon-Van 
Der Staay et al. 2001, Díez et al. 2004) and 
freshwater environments (Lefranc et al. 2005, 
Richards et al. 2005). They have often re-
vealed the presence of unexpected and, some-
times, previously undescribed species or even 
phyla. These molecular techniques, however, 
are often applied without reference to micro-
scopical observations and, instead, envisage 
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the detection of morphologically non-distinct 
groups. In a recent attempt to link diversity 
detected using molecular techniques to micro-
scopical observations in Bay of Fundy, Savin 
et al. (2004) observed a higher contribution of 
heterotrophic organisms during DGGE analy-
sis compared to microscopical observations. 
Lake Tanganyika is a large, permanently 
stratified lake situated in the East African 
Rift valley. The lake is oligotrophic, with 
low nutrient (1.2 µM nitrogen and 0.6 µM 
phosphorus) and chlorophyll a concentrations. 
Recent monitoring studies have indicated that 
the phytoplankton community in the lake is 
dominated by small phytoplankton such as 
picocyanobacteria and small (< 5 µm) eu-
karyotes (Descy et al. 2005, De Wever et al. 
submitted; chapter 1). Pigment analyses sug-
gest that the fraction of small eukaryotes in the 
lake is mainly composed of chlorophytes but 
the identity could not be determined using tra-
ditional light microscopy (Cocquyt & Vyver-
man 2005). The protozoan community of the 
lake is dominated by small (< 5 µm) hetero-
trophic nanoflagellates that cannot be identi-
fied using light or epifluorescence microscopy 
(Pirlot et al. 2005, De Wever et al. submitted ; 
chapter 1). Moreover, the hypolimnion of this 
exceptionally deep (up to 1470 m) lake forms 
the largest anoxic fresh water volume in the 
world, which may be inhabited by unknown 
protists (cf. Stoeck et al. 2006). 
To try to identify the community of small 
eukaryotes in the plankton of Lake Tangan-
yika, we applied PCR-based DGGE analysis 
in combination with band sequencing on the < 
5 µm size fraction. We sampled vertical pro-
files along a north-south transect in the lake 
during the dry season of 2002, allowing us to 
study vertical and latitudinal variability in the 
composition of the community of small eu-
karyotes. The results were compared with data 
obtained from microscopical observation to 
evaluate the efficiency of the DGGE method 
in mapping eukaryotic communities. 
Materials and Methods
Study site. Lake Tanganyika is situated 
in East Africa and is bordered by Burundi, 
Tanzania, Zambia and D.R. Congo. The lake 
is part of the East African rift valley. With a 
maximum depth of 1470 m, it is the second 
deepest lake in the world. The lake measures 
650 by 50 km (average width) and can be 
divided in 3 sub-basins: the Kigoma basin in 
the north (1310 m), the central Kalemie basin 
(800 m) and the East-Marungu basin in the 
south (1470 m) (Coulter 1991). The lake is 
permanently stratified with a thermocline that 
is situated between 40 and 60 m depth. The 
hypolimnion is completely anoxic below 200 
m. For this study, samples were collected dur-
ing the dry season, when south-easterly mon-
soon winds cause a decline in water column 
stability and upwelling of deep water in the 
south of the lake. 
Field sampling. Samples were collected 
during a cruise from the north to the south of 
the lake (10 to 14 July 2002). Vertical profiles 
were sampled at eight sites situated along the 
north-south axis of the lake using Hydrobios 
(5 L) or Go-Flo (up to 12 L) sampling bottles. 
At each site, samples were collected every 20 
m down to 100 m. Below a depth of 100 m, 
samples were collected every 100 or 200 m 
down to the maximum depth of the lake at that 
site. For the molecular analyses, water was 
pre-filtered over a 5-µm polycarbonate filter 
using low vacuum pressure (< 0.2 bar). The 
5-µm filtrate was then filtered onto a 0.22-µm 
membrane filter until the filter water clogged 
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(typically at around 4 L). The filter was folded, 
wrapped in aluminum foil, and stored frozen 
(at -20°C during transport and at -80°C in the 
lab). For microscopical analyses, unfiltered 
water was collected at 20 m depth intervals 
up to 60 m and fixed according to the lugol-
formalin-thiosulphate method (Sherr & Sherr 
1993). No samples for microscopical analysis 
were collected in the hypolimnion.
Analysis of samples. Phytoplankton < 
5 µm and HNF were enumerated using epi-
fluorescence microscopy. A subsample was 
stained with DAPI (4’,6’-diamidino-2-phe-
nylindole) and filtered onto a 0.8-µm pore 
size membrane filter. At least 400 autotrophic 
cells were enumerated using violet-blue illu-
mination (395- to 440-nm excitation filter and 
470-nm emission filter) using a Zeiss Axio-
plan microscope at a magnification of ×1000. 
Eukaryotic cells were discerned from prokary-
otic picoplankton by switching to green illu-
mination (510- to 560-nm excitation filter and 
590-nm emission filter) (MacIsaac & Stockner 
1993). At least 100 HNF cells were counted 
using UV illumination (365-nm excitation 
filter and 397-nm emission filter). HNF were 
discerned from autotrophic cells by switching 
to blue illumination. Phytoplankton ≥ 5 µm 
and ciliates were identified and enumerated 
using an inverted microscope. In addition, the 
quantitative protargol staining technique was 
used for the identification of the dominant cili-
ate species (Montagnes & Lynn 1993). Phyto-
plankton and ciliates were identified up to the 
highest feasible level using light microscopy.
DGGE analysis. Part of the filter for 
DGGE analysis was cut out with a sterile 
scalpel and DNA was extracted using the 
extraction protocol described by Muyzer et 
al. (1993). DNA was purified on a Wizard 
column (Promega, Madison, WI, USA) used 
according to the manufacturer’s recommenda-
tions. For DGGE analysis, a small 18S rDNA 
fragment was amplified with the primers GC1 
(5’-CGCCCGCCGCGCCCCGCGCCCGGC 
CCGCCGCCCCCGCCCCTCTGTGAT-
GCCCTTAGATGTTCTGGG-3’) and GC2 
(5’-GCGGTGTGTACAAAGGGCAGGG-
3’), specific for eukaryotes (Van Hannen et 
al. 1998). PCR amplification procedures were 
performed as described in Van Hannen et al. 
(1998) using a Genius temperature cycler with 
4 to 8 µl of template DNA. The presence of 
PCR products and their concentration were 
determined by analyzing 5 µl of product on 
2% (wt/vol) agarose gels, staining with ethid-
ium bromide and comparison with a molecu-
lar weight marker (Smartladder; Eurogentec). 
Equal amounts of PCR product were applied 
to the DGGE gel using a denaturing gradient 
containing 30 to 55 % denaturant and run as 
described by Muyzer et al. (1993) with the 
slight modification described by Van der Gu-
cht et al. (2001). As standards, we used a mix-
ture of DNA from nine clones, obtained from 
a clone library of the 18S rRNA genes from 
a small eutrophic lake. On every gel, three or 
four standard lanes were analyzed in parallel 
to the samples. To obtain a matrix with the 
relative intensity of each band in all samples, 
the gels were analyzed using the software 
package Bionumerics 5.1 (Applied Maths 
BVBA, Kortrijk, Belgium). Bands with more 
than 40% relative band intensity in at least two 
samples were selected for sequencing. These 
bands were excised and sequenced after re-
extraction and amplification. Sequencing was 
performed with the ABI-Prism sequencing kit 
(PE Biosystems) using the primer GC3 (5’-
TCTGTGATGCCCTTAGATGTTCTGGG-
3’) and an automated sequencer (ABI-Prism 
377). A nucleotide BLAST search (Altschul 
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et al. 1998) was performed in order to obtain 
sequences with the greatest significant align-
ment. 
The sequences determined in this study 
have been deposited in the GenBank database 
under accession numbers (to be obtained).
Results
Average densities and diversity of 
planktonic eukaryotic organisms are 
summarized in Table 1. Differences between 
the stations are shown in Fig 1. The < 5 µm 
size fraction only contained phytoplankton 
< 5 µm and HNF; no ciliates < 5 µm were 
encountered. In the < 5 µm size fraction, 
densities of phytoplankton were higher than 
those of the heterotrophic nanoflagellates 
(HNF) in the southern basin, while HNF 
were relatively more abundant in the northern 
basin (TK1, TK2, TK3; Fig. 1). Densities of 
organisms in the > 5 µm size fraction were 
much lower than those in the < 5 µm size 
fraction. The contribution of this size fraction to 
total cell densities decreased towards the south 
of the lake. The > 5 µm size fraction contained 
phytoplankton and ciliates, with densities of 
phytoplankton being more than 2 orders of 
magnitude higher than those of ciliates. The 
phytoplankton community was dominated by 
diatoms and chlorophytes, with diatoms being 
relatively more abundant in the north. The 
ciliate community was dominated by peritrich 
ciliates throughout the lake. Diversity data 
were only available for planktonic eukaryotes 
> 5 µm in the epilimnion (Table 1). A total of 
58 taxa were discerned in the microscopical 
analysis. 13 taxa were only encountered in a 
single sample while 9 taxa were observed in 
all samples. 
In the 56 samples that were analyzed by 
DGGE, 30 band classes were discerned. The 
number of bands encountered per sample 
varied between 3 and 16 and was on average 
14. No clear differences were observed in 
the number of bands between the epi- and 
hypolimnion and between the north and the 
Cells L-1
Number 
of taxa
Total eukaryotes 2.5 × 106 > 58
  Phytoplankton < 5 µm 1.7 × 106 n.d.
  HNF 7.5 × 105 n.d.
  Phytoplankton ≥ 5 µm 5.0 × 104 37
    Chlorophyta 4.0 × 104 18
    Diatoms 9.5 × 103 15
    Chrysophyta 8.4 × 102 1
    Dinophyta 1.4 × 102 3
  Ciliates 2.4 × 102 21
    Peritrichida 2.3 × 102 2
    Oligotrichida 1.5 × 101 7
    Prostomatida 2.3 × 100 3
    Gymnostomatida 1.9 × 100 8
    Hymenostomatida 0.3 × 100 1
Table 1: Average cell densities and diversity 
of groups of planktonic organisms in the 
epilimnion of Lake Tanganyika as determined 
by microscopical analysis (n.d. indicates that 
diversity could not be determined).
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Fig. 1: Relative contribution of the groups 
observed using microscopy showing averages 
over 0, 20, 40 and 60 m. Note that ciliates are 
virtually invisible on the graph due to their 
extremely low contribution.
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south of the lake. None of the band positions 
was unique to one sample and only one band 
position was observed in all samples. Nineteen 
bands belonging to 17 different band classes 
were sequenced. These sequenced band 
classes accounted for on average 89% of the 
relative band intensity in the samples. Only 
8 of the sequences were closely related (> 
98% similarity) to sequences deposited in the 
GenBank database. The sequences displayed 
a high similarity to sequences of ciliates (3 
sequences), dinoflagellates (2 sequences) 
and cryptophytes (2 sequences) and hydrozoa 
(1 sequence). The remaining 9 genotypes 
exhibited a lower similarity to sequences 
deposited in GenBank (90 to 92%; TK-E1-
6, 11, 16-18). The highest matches for the 
sequenced bands are shown in Table. 2. These 
bands were related to ciliates (5 sequences), 
dinoflagellates (1 sequence), chrysophytes (1 
sequence), eustigmatophytes (1 sequence) and 
amoebae (1 sequence). 
Eight bands belonged to the Ciliophora. 
Six band positions belonged to the 
Oligotrichida and had a high sequence 
similarity to respectively a choreotrichid 
ciliate clone, Eutintinnus pectinis and 
Strombidium inclinatum clones.  Two band 
positions had a complete match (154 bp) with 
a Colpoda sp. One band position had maximal 
sequence similarity with a gymnostomatid 
ciliate Mesodinium pulex clone. Three band 
positions belonged to the Dinophyta and 
displayed highest sequence similarity to 
a clone isolated below the chemocline of 
the anoxic Mariager Fjord, Denmark and a 
Glenodiniopsis steinii strain. Another band 
position had highest sequence similarity to 
a Symbiodinium sp. TK-12 showed highest 
similarity to a Pfiesteria-like dinoflagellate. 
The two band positions that belonged to 
Cryptophyta showed highest similarity to eu-
karyotic picoplankton isolated from the oligo-
mesotrophic Lake Pavin (Lefranc et al. 2005) 
and cryptophytes isolated from Lake George 
(Richardson et al. 2004). The only band posi-
tion identified as a Chrysophyte was closely 
related to Poterioochromonas malhamensis, a 
mixotrophic flagellate (Andersen et al. 1999). 
The band position related to the Eustigmato-
phyceae showed highest sequence similarity 
to marine and freshwater representatives of 
the Nannochloropsis-genus. The band posi-
tion belonging to the amoebae had the highest 
sequence similarity to a soil amoeba. TK-E19 
was identified as the hydrozoan Limnocnida 
tanganyicae (Collins et al. 2006), which is 
endemic for Lake Tanganyika. 
Differences in the relative band intensity 
of the sequenced bands in the samples are 
shown in Fig. 2. Band positions TK-E4, 
9, 15 and TK-E17 were detected in most 
samples. Band positions TK-E1, 5-6, 10-12 
were almost exclusively found in the oxic 
zone of the lake; these bands all exhibited a 
high similarity with ciliates (TK-E1, 5, 6) and 
Dinophyceae (TK-E10-12). Band positions 
TK-E7, 8 and 18, identified as belonging 
to the Ciliophora and Amoebidae , were 
restricted to the anoxic hypolimnion. TK-
E19, identified as the hydrozoan Limnocnida 
tanganyicae  was mainly observed in the 
south of the lake. TK-E3, which was closely 
related to a representative of the Ciliophora, 
was more prominent in the north of the lake. 
The remaining band positions TK-E2, 13, 16 
displayed an irregular distribution.
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Discussion
Comparison of the molecular and 
microscopical analysis of the eukaryote 
community in the epilimnion of Lake 
Tanganyika revealed several marked 
inconsistensies. First, despite the pre-filtration 
of the samples over a 5 µm filter, the majority 
of the sequenced band positions belonged to 
organisms larger than 5 µm. These included 
many ciliate taxa and even a medusa endemic 
to the lake. Only band positions related to the 
dinoflagellate Symbiodinium, to cryptophytes, 
to eustigmatophyceae and to amoebae might 
theoretically be small enough to pass through 
the 5 µm filter used for pre-filtration. All 
organisms that are larger than 5 µm and that 
were detected in the DGGE analyses lacked a 
rigid cell wall (ciliates and medusa). Despite 
the fact that only gravity was used during 
pre-filtration, these organisms may have been 
damaged during filtration, resulting in some 
of the DNA passing through the 5 µm filter 
and being collected on the 0.22 µm filter. In 
Name Highest identified match BLAST-search % similarity
Cilliophora   
TK-E1 Uncultured choreotrichid ciliate clone CH1_2A_10 (AY821916) 94
TK-E2 Eutintinnus pectinis (AY143570) 92
TK-E3 idem above 93
TK-E4 Eutintinnus pectinis clone Epec99ssu_3 (AF399171)
94 (partial 
107)
TK-E5; 
TK-E6
Strombidium inclinatum (AJ488911) 94
TK-E7 Colpoda sp. PRA-118 (AY905498) 100
TK-E8 idem above 100
TK-E9 Mesodinium pulex clone MPCR99 (AY587130) 98
Dinophyta
TK-E10 Uncultured marine eukaryote clone M2_18C03 (DQ103802) 99
Glenodiniopsis steinii strain NIES 463 (AF274257) 96
TK-E11 Symbiodinium sp. (AB016594)/ Gymnodinium beii (U41087) 93
Uncultured alveolate clone BOLA586 (AF372781) 93
TK-E12 Pfiesteria-like dinoflagellate (AY251290) 98
Cryptophyta  
TK-E13 Uncultured eukaryotic picoplankton clone P1.31 (AY642716) 99
Uncultured freshwater eukaryote clone LG08-05 (AY919707) 99
TK-E14; 
TK-E15
idem above 99
Chrysophyta  
TK-E16 Poterioochromonas malhamensis (AB023070) 95
Poterioochromonas sp. DO-2004 (AY699607) 95
Eustigmatophyceae  
TK-E17 Nannochloropsis maritima (AY680703) 96
Amoeba  
TK-E18 Soil amoeba AND12 (AY965862) 92
Hydrozoa  
TK-E19 Limnocnida tanganyicae (AY920755) 98
Table 2: Phylogenetic affiliation of sequences retrieved from DGGE bands.
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particular oligotrich ciliates have been reported 
to be easily damaged during filtration (Gifford 
& Dagg 1988). This may explain why so many 
oligotrich ciliate sequences were recovered 
despite the fact that microscopical analysis 
revealed that oligotrich ciliates were rare in 
the lake. The detection of genetic material of 
the small medusa Limnocnida tanganyicae 
could also be related to the fragility of this 
organism.
Second, the detected band positions and 
their relative band intensity did not reflect 
the frequency of occurrence of the eukaryotes 
in the epilimnion of Lake Tanganyika as 
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Fig. 2: Distribution of different genotypes throughout the lake. The panel numbers correspond to the 
band class numbers in Table 2. The sizes of the circles correspond to the relative band intensities of 
the genotypes on the DGGE gel.
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inferred from cell counts. Despite the fact that 
phytoplankton < 5 µm (mainly chlorophytes) 
and HNF were numerically dominant in 
the epilimnion of the lake, relatively few 
of the sequenced band positions could be 
related to such organisms. On the contrary, 
the numerically least abundant groups of 
organisms in the lake, the ciliates, had the 
highest representation in the sequenced 
band positions and dominated the relative 
band intensity in most samples. Despite the 
importance of chlorophytes in the epilimnion 
of Lake Tanganyika, no sequences belonging 
to this phylum were detected. Only 1 sequence 
could be related to a eukaryote phylum 
with only autotrophic representatives, the 
Eustigmatophyceae. Surprisingly, however, 
the marker pigment for Eustigmatophyceae, 
vaucheriaxanthin, was not detected in a 
study of phytoplankton pigments using 
HPLC analysis (Descy et al. 2005). It’s 
therefore unlikely that this group was a major 
constituent of the phytoplankton community. 
The fact that this group was neither detected 
during cell counts also indicate bias in this 
approach, which is obviously biased towards 
morphologically distinct taxa. 
Other band positions belonged to groups 
that have both auto- and heterotrophic 
representatives: Dinophyta, Cryptophyta 
and Chrysophyta. Most of these sequences 
occurred in both the epi- and hypolimnetic 
samples, making it more likely that they 
were heterotrophic rather than autotrophic. 
These observations point towards a strong 
bias in PCR-based methods when analysing 
the diversity of eukaryotes. The failure of 
detecting numerically abundant planktonic 
organisms by means of PCR-based techniques 
was also noted by Savin et al. (2004), who 
detected mostly alveolates in a system that 
was numerically dominated by diatoms. A 
dominance of heterotrophic over autotrophic 
organisms in clone libraries and DGGE studies 
has also been observed in other molecular 
studies (Richards & Bass 2005). 
In Lake Tanganyika, the absence of 
chlorophytes in the clone library was 
particularly surprising given their importance 
in the epilimnion as revealed by both 
microscopical and HPLC pigment analysis. 
Close inspection of published studies 
revealed that chlorophytes are rarely detected 
using molecular methods in freshwater 
environments. To our knowledge, the only 
freshwater study in which chlorophytes 
have been observed is a study in Antarctic 
lakes (Unrein et al. 2005). Despite the wide 
distribution of chlorophytes in lakes, two 
clone library studies from lakes did not reveal 
the presence of chlorophytes in the small 
phytoplankton fraction (Lefranc et al. 2005, 
Richards et al. 2005). It seems unlikely that 
the failure to detect chlorophytes is due to non-
specificity of PCR primers, as the commonly 
used primers to study diversity of eukaryotes 
were designed to detect chlorophytes (e.g. Van 
Hannen et al. 1998). The choice of primers 
may nevertheless be a selective factor, as 
Stoeck et al. (2006) observed a low overlap 
between libraries constructed using different 
primer sets in the anoxic Cariaco basin in 
Venezuela. Another explanation for the 
absence of chlorophytes in molecular studies 
of eukaryotes may lie in problems during 
DNA extraction. Freshwater representatives 
of the chlorophyta often possess a rigid cell 
wall composed of cellulose and sporopollenin 
(Domozych et al. 1980). This rigid cell wall 
may hamper extraction of DNA. 
Despite the clear bias in the data, 
distribution patterns of DGGE band positions 
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followed a logical pattern. Clear differences 
in the community composition of eukaryotes 
as revealed by DGGE analysis were observed 
between the epilimnion and hypolimnion and, 
in the epilimnion, between the north and the 
south of the lake (Fig. 2). The restriction of 
some band position to epilimnetic samples may 
be related to the fact that they are autotrophic 
and depend on light for photosynthesis (e.g. 
Dinoflagellates; TK-E10-11,12 and 13) or, 
in the case of heterotrophic organisms (e.g. 
certain ciliates TKE-1, 5-6), because they 
depend on phytoplankton as a food source. 
Band positions that were only observed in 
hypolimnetic samples may correspond to 
obligate anaerobes e.g. the Amoeba TK-
E18. Differences in community composition 
between the northern and southern epilimnion 
were probably related to latitudinal 
differences in water column stability. In the 
south, upwelling of nutrient-rich deep water 
may influence the community of eukaryotes. 
This can be observed in the cell count results 
which displayed a clear latitudinal pattern 
with higher importance of large phytoplankton 
and heterotrophic nanoflagellates in the 
north of the lake and a higher abundance of 
nanoflagellates <5 µm in the south of the lake. 
In the DGGE analysis this latitudinal pattern 
was observed for the Eustigmatophyte (TK-
E17) and the jellyfish (TK-E19) genotype, 
which were more prominent in the south of 
the lake. Some band positions were observed 
in both epilimnetic and hypolimnetic samples, 
indicating that some taxa are capable of 
surviving in oxic as well as anoxic conditions, 
this was the case for 2 ciliate genotypes (TK-
E4, 9) and one cryptophyte (TK-E15) which 
were detected in all samples. Some band 
positions were observed in the hypolimnion 
throughout the lake and also in the epilimnion 
in the south of the lake, where deep water 
reaches the lake surface (e.g. TK-E4, 16, 17, 
19). A similar distribution pattern was also 
observed for bacteria in Lake Tanganyika (De 
Wever et al. 2005).
In conclusion, comparison of DGGE data 
with microscopical observations indicates 
that analysis of PCR amplified rDNA genes 
does not provide a representative picture 
of the eukaryotic community but is heavily 
biased towards heterotrophic organisms, 
mainly ciliates, while a numerically dominant 
group like chlorophytes was not detected. 
Pre-filtration over a 5-µm polycarbonate 
filter using only gravity does not prevent the 
detection of organisms > 5 µm by DGGE 
analysis. This indicates that great care should 
be taken when eukaryotic diversity is studied 
solely using molecular methods. Despite the 
bias in the method, it revealed clear changes 
in community composition along ecologically 
important gradients, like the vertical gradient 
in irradiance and oxygen concentration and the 
latitudinal gradient in water column stability.
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Differential response of  phytoplankton to nitrogen, 
phosphorus and iron additions in Lake Tanganyika
Aaike De Wever, Koenraad Muylaert, Denis Langlet, Laurent Alleman, Jean-
Pierre Descy, Luc André, Christine Cocquyt, Wim Vyverman
Multiple nutrient enrichment bioassays using addition of iron (Fe) and 
combined addition of nitrogen and phosphorus (NP) were carried out in the 
north and the south of Lake Tanganyika during the rainy and dry seasons in 
2003 and 2004. Nutrient additions resulted in an increase in phytoplankton 
growth rate relative to control treatments in all experiments. Furthermore, 
HPLC pigment data and epifluorescence microscopy counts indicated dif-
ferential stimulation of the dominant phytoplankton groups. Iron (Fe) addi-
tions mainly stimulated prokaryotic picophytoplankton and to a lesser extent 
green algae, while enrichments of nitrogen and phosphorus stimulated green 
algae and in some cases diatoms. Extended incubation (3 days) indicated 
co-limitation of Fe and NP, in particular for picocyanobacteria. Fe limita-
tion of picocyanobacterial growth in Lake Tanganyika may be related to low 
bioavailability of Fe due to high pH and alkalinity rather than to low total Fe 
concentrations.
Introduction
Phytoplankton primary productivity in 
aquatic ecosystems has long been known to 
be limited by the availability of the macro-
nutrients nitrogen (N) and phosphorus (P). 
Since the early 1990’s, evidence has been 
accumulating that, in large parts of the world 
oceans, phytoplankton primary production is 
limited by the micronutrient iron (Fe) (Mar-
tin & Gordon 1988, Jickells et al. 2005). Fe 
limitation is not restricted to marine environ-
ments. Already in 1962, Schelske et al. (1962) 
found that phytoplankton photosynthesis in 
hardwater calcareous lakes was stimulated by 
Fe additions. More recently, Fe limitation has 
been demonstrated in high phosphorus, saline 
prairy lakes (Evans & Prepas 1997), in acidic 
Canadian Shield lakes (Auclair 1995), and in 
the Great Lakes Erie (Twiss et al. 2000a) and 
Superior (Sterner et al. 2004). While in the 
oceans Fe limitation usually occurs at very 
low Fe concentrations (< 0.2 nM, Johnson 
et al. 1997), Fe limitation in lakes may occur 
over a much wider range of Fe concentrations 
(< 2 – 140 nM), depending on the bioavail-
ability of Fe (Chang et al. 1992, Auclair 1995, 
Imai et al. 1999, Twiss et al. 2000a, Sterner et 
al. 2004). Bioavailability of Fe in lakes may 
be restricted by high pH (Kuma et al. 1996, 
e.g. Evans & Prepas 1997) or by high con-
centrations of humic substances (Imai et al. 
1999). High pH may reduce Fe availability by 
high rates of (spontaneous) oxidation to fer-
ric Fe followed by the formation of the highly 
insoluble ferric hydroxide, while the presence 
of humic substances enhances organic com-
plexation of Fe. 
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Fe limitation not only affects primary pro-
duction of the phytoplankton community as a 
whole, but may differentially affect specific 
groups of phytoplankton. In oceanic environ-
ments, large-scale Fe additions almost always 
resulted in the development of diatom blooms 
(e.g. Cavender-Bares et al. 1999, Coale et al. 
2004 respectively in the Equatorial and the 
Southern Ocean). In Lake Erie, pico- (0.2-2 
µm) and nanoplankton (2-20 µm) were stimu-
lated by Fe additions (Twiss et al. 2000a). In 
Canadian shield lakes, picocyanobacteria and 
(mixotrophic) Chrysophytes were stimulated 
by Fe additions (Auclair 1995). In studies of 
eutrophic lakes (Lake Erken in Sweden and 
Lake Kasumigaura in Japan), Fe additions 
were found to favor colonial cyanobacteria 
(Imai et al. 1999, Hyenstrand et al. 2001). 
Lake Tanganyika is the second deepest 
lake on earth and the third largest by volume. 
The lake is considered oligotrophic and has 
average epilimnion concentrations of dis-
solved N and P respectively around 3.6 and 
0.5 µM (Plisnier et al. 1999). The lake is per-
manently stratified but monsoon winds cause 
seasonal erosion of the thermocline, resulting 
in increased nutrient concentrations in the epi-
limnion (Hecky et al. 1991, Langenberg et al. 
2003b). Hecky et al. (1999) consider vertical 
mixing as the main source of P for the epilim-
nion while cyanobacterial N-fixation would be 
the main source of N. N and P addition assays 
and particulate nutrient ratios have indicated a 
fairly balanced nutrient budget with a tendency 
for P to be more frequently limiting (Järvinen 
et al. 1999). However, in two other African 
Great Lakes (Lake Victoria and Lake Malawi) 
phytoplankton was found to be co-limited by 
Fe, N and P (Guildford et al. 2003). Potential 
sources of Fe in Lake Tanganyika include ter-
restrial input through aeolian dust, rainfall and 
riverine inflow and internal recycling through 
deep water mixing and upwelling. As for Lake 
Malawi, the highly laterized catchment of 
Lake Tanganyika does not suggest limitation 
in the Fe supply, but rather phytoplankton 
growth limitation due to low Fe bioavailability 
because of the high pH (8.4-9.2) and alkalinity 
(6.36-6.81 meq L-1; Talling & Talling 1965). 
We investigated the response of different 
phytoplankton groups to additions of Fe as 
well as to the combined addition of N and P 
in in situ incubation experiments. Experiments 
were carried out in contrasting seasons in the 
north and the south of the lake. In the experi-
ments, we compared the response of different 
phytoplankton groups to the nutrient additions 
using both cell counts and HPLC pigment 
analysis. In order to evaluate the potential 
influence of external Fe inputs we performed 
Fe and aluminum (Al) measurements, with Al 
being a marker external inputs. 
Materials and Methods
Study site. Lake Tanganyika is part of 
the East African rift valley and is bordered by 
Burundi, Tanzania, Zambia and D. R. Congo. 
The lake measures roughly 650 by 50 km 
and has a maximum depth of 1470 m. The 
lake is permanently stratified with an anoxic 
hypolimnion. During the dry season (May to 
October), southeast monsoon winds result in 
an erosion of the thermocline and upwelling of 
nutrient rich deep water in the southern part of 
the lake. When the monsoon winds stop (Oc-
tober to November), the thermocline oscillates 
between S and N, conveying nutrient-rich 
water higher up in the water column through-
out the lake (Coulter & Spigel 1991, Naithani 
et al. 2002). The water column reaches its 
maximum stability during the rainy season 
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(November to April). Chlorophyll a concen-
trations in the epilimnion range from 0.3 to 3.4 
µg L-1 (Descy et al. 2005) and phytoplankton 
biomass is always dominated by cyanobacte-
rial picophytoplankton. The community of 
larger phytoplankton is composed mainly of 
chlorophytes and diatoms (Nitzschia spp.). A 
decrease in water column stability is followed 
by an increase in picocyanobacteria in the 
south of the lake and by an increase in chlo-
rophytes and diatoms in the north of the lake. 
(Descy et al. 2005; De Wever et al. subm.). 
Experiments for this study were carried out at 
two sites: Kigoma (04°52.51’ S, 29°35.75’ E, 
Tanzania) in the northern basin and Mpulungu 
(08°45.11’ S 31°04.35’ E, Zambia) in the 
southern basin (Fig. 1). 
Experimental setup. A total of 5 nutrient 
limitation bioassay experiments were carried 
out: during the rainy season and the dry season 
of 2003 and the rainy season of 2004 at the 
northern station Kigoma (20 March 2003, 26 
August 2003 and 9 February 2004) and during 
the dry season of 2003 and the rainy season 
of 2004 at the southern station Mpulungu 
(15 September 2003 and 22 February 2004). 
All samples were collected using Hydrobios 
(Kiel, Germany) or Go-Flo (General Ocean-
ics, U.S.A.) bottles (5 or 10 L) attached to a 
stainless steal Teflon coated cable wire. For 
the experiments, lake water collected at differ-
ent depths (0, 10, 20 and 30 m) in the euphotic 
zone was pooled in a large container. Prior to 
transfer into three replicate 2 L polycarbonate 
bottles, the water was pre-screened through a 
28-µm pore size nylon mesh to remove large 
grazers. Large zooplankton is present at low 
densities in Lake Tanganyika (about 4-9 indi-
viduals L-1, Kurki et al. 1999) and their inclu-
sion in the incubations might therefore result 
in undesired variation between replicates. 
We used a bifactorial experimental design 
with the factors N+P and Fe additions. Treat-
ments were prepared in triplicate. N, P and Fe 
were added to reach final concentrations of 
2.5 µM NaH
2
PO
4
, 10 µM NH
4
Cl and 12 µM 
FeCl
3
.6H
2
O in the incubations. The N and P 
concentrations used correspond to the maxi-
mum concentrations observed in the epilim-
nion of the lake, while Fe was added in excess 
compared to in situ concentrations to ensure 
that concentration of bioavailable Fe was 
raised during the experiments. The response 
of the biomass of the major phytoplankton 
groups in the lake to different nutrient addi-
tions was monitored in closed containers over 
a period of 3 days. 
All containers and equipment getting in 
contact with the water used in the experiments 
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Fig. 1. Lake Tanganyika sampling sites for 
experiments and biweekly monitoring (small 
dots) and deep iron profiles (TK1 and TK8; 
large dots).
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was thoroughly soaked in 10% HCl and rinsed 
three times with distilled water and once with 
lake water. The polycarbonate bottles were 
incubated in the lake at 5 m depth, which 
corresponds to 30% of the surface irradiance 
when light absorption by the bottle wall was 
taken into account. This is within the range of 
the maximal photosynthetic rate according to 
published photosynthesis-irradiance curves 
for Lake Tanganyika phytoplankton (Sarvala 
et al. 1999). Subsamples for pigment analysis 
(500 ml) and phytoplankton enumeration (100 
ml) were collected at the start of the experi-
ment and after 24 and 72 hours of incubation.
Field monitoring. To obtain background 
information on the limnological conditions in 
the lake at the time of the experiments, data 
were collected biweekly at fixed sites close (< 
2.5 km) to the locations where water for the 
bioassays was collected, starting four weeks 
before and ending four weeks after the experi-
ment. On each occasion we recorded Secchi 
depth and measured temperature and oxygen 
profiles using CTD (conductivity-temperature 
depth) instruments to determine the depth of 
the thermocline. Samples for the determina-
tion of nutrient content were collected at 20 
m intervals down to 100 m, phytoplankton 
samples were collected at 20 m. Samples for 
geochemical analysis of dissolved Fe and Al 
were collected fortnightly from March 2003 
to July 2004 at 20 m depth at the pelagic site 
in Mpulungu. Additional sampling for geo-
chemistry analysis was performed for deep 
profiles at station TK1 (northern basin) and 
TK8 (southern basin) during a transect cruise 
in January-February 2004 (Fig. 1). 
Laboratory procedures. Dissolved 
nutrients analysis was performed on pre-fil-
tered water samples (Machery-Nägel GF-5 
filter). Nitrate concentrations were determined 
spectrophotometrically using Macherey-Nä-
gel kits. Phospate (PO
4
) concentrations were 
measured according to standard methods 
(Greenberg et al. 1992). Particulate nutrient 
concentrations in the mixing zone were deter-
mined by filtering 3 L of water over a precom-
busted GF-5 filter, the filters were stored in the 
freezer after at least 12 hours drying. Elemen-
tal analysis of the seston was carried out using 
a Carlo Erba NA1500 elemental analyzer for 
C (carbon) and N (nitrogen) after HCl treat-
ment to remove carbonates. P (phosphorus) 
was measured spectrophotometrically after 
30 min. digestion at 120ºC with potassium 
persulfate. The obtained nutrient ratios were 
compared with those proposed by Healey and 
Hendzel (1997) in order to evaluate potential 
N or P limitation. 
Samples for pigment analysis were di-
rectly filtered over a Whatman GF/F filter. The 
glass fiber filters were wrapped in aluminum 
foil and stored at -20ºC. Pigments were ex-
tracted using 90% acetone using sonication 
(tip sonicator, 40 W for 30 s). Pigment extracts 
were filtered over a 0.2-µm nylon membrane 
to remove particles. Pigments were analysed 
according to the method of Wright and Jeffrey 
(1997) using a Gilson HPLC system equipped 
with an Alltima reverse-phase C18 column 
(25 cm × 4.6 mm, 5 µm particle size). Pigment 
identity was always verified by inspecting 
the absorption spectra using a diode array 
detector. The pigment data from the start 
of the experiment was processed with the 
CHEMTAX software (Mackey et al. 1996) to 
estimate the contribution of major algal groups 
to total phytoplankton biomass using an initial 
pigment ratio matrix derived from a published 
study on Lake Tanganyika (Descy et al. 2005). 
The chlorophyll a concentration was used as a 
measure for total phytoplankton biomass while 
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zeaxanthin, lutein and fucoxantin were used as 
marker pigments for, respectively, picocyano-
bacteria, chlorophytes and diatoms. As marker 
pigments of other phytoplankton groups were 
below detection limit, the nanophytoplankton 
cells counted using epifluorescence microsco-
py were considered as chlorophytes. Diatoms 
were only studied using their marker pigment, 
as the low cell densities didn’t allow accurate 
counting during epifluorescence microscopy. 
Samples for phytoplankton enumeration 
were fixed according to the lugol-formalin-
thiosulphate method (Sherr & Sherr 1993). 
A 100 ml sample was filtered onto a 0.8-µm 
pore size polycarbonate membrane filter. 
Pico- and nanophytoplankton was enumerated 
using epifluorescence microscopy with green 
and blue light illumination. A distinction was 
made between prokaryotic picophytoplankton 
(< 2 µm and fluorescing under green light illu-
mination) and eukaryotic nanophytoplankton 
(fluorescing under blue light illumination) 
(MacIsaac & Stockner 1993). At least 400 
cells of each group were enumerated. Samples 
for inverted microscopy (1 L) were concen-
trated by 48h sedimentation. Microscopical 
analysis allowed us to determine dominant 
phytoplankton groups during the course of the 
experiments. 
For Fe and Al analysis, 1 to 4 L of lake 
water was transferred on board to 7 L gauged 
Perspex filtration units and filtered on 47 mm 
diameter Poretics polycarbonate membranes 
with 0.4 µm porosity under pressure of filtered 
air (0.4 µm porosity). Filtered water samples 
were acidified (0.2%) using ultrapure bi-dis-
tilled nitric acid HNO
3
 and stored in a fridge 
in 50 ml acid clean HDPE bottles. In a clean 
laboratory, 1 ml aliquots of the filtrated frac-
tion were acidified (2% HNO
3
). Al27, Fe56 iso-
topes were analyzed using a magnetic sector 
inductively coupled plasma mass spectrome-
ter (HR-ICP-MS, ELEMENT2 Finnigan). Ex-
ternal references for quality control consisted 
of a multi-element standard solution and an 
international standard material of river water 
(SLRS-4). Instrumental drift effects were cor-
rected by measuring the fluctuations of two 
internal standards (115In and 209Bi) at 1 µg L-1. 
Detection limits (3σ of the blank values) for 
Fe and Al were 10 and 50 nM respectively. 
All materials used were of polypropylene 
and were previously cleaned in a succession 
of nitric acid baths for several hours followed 
by a rinsing phase in deionized distilled water 
(Millipore Water Systems). 
Data analyses. To allow easy comparison 
of the water column stability between sam-
pling occasions, we calculated the potential 
energy anomaly (PEA) for the upper 100 m 
of the water column according to Simpson et 
al. (1982). Secchi depth was converted to eu-
photic depth (1% of surface irradiance) using 
a conversion factor obtained from simultane-
ous measurements with a LICOR quantum 
sensor (k = 1.57/Secchi depth). Differences in 
the environmental conditions between subse-
quent experiments were tested using one way 
ANOVA followed by an LSD post-hoc tests. 
In case of deviances from homogeneity of 
variance as indicated by Levene’s <0.01, data 
were log-transformed before performing the 
ANOVA analysis.
Exponential growth rates after one and 
three days were calculated for cell densi-
ties and pigment concentrations (Marin et 
al. 1986). Differences in exponential growth 
rates between experimental treatments were 
tested using two-way ANOVA after apply-
ing a Levene’s test to verify the homogene-
ity of variances across treatments. In case of 
significant ANOVA results, a Tukey’s honest 
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significant difference post-hoc test was ap-
plied to test for the significance of differences 
between individual treatments and to identify 
homogeneous groups of treatments not sig-
nificantly different from each other. Fe or NP 
was considered as individually limiting if both 
treatments receiving this amendment were 
significantly higher than the control treatment, 
i.e. Fe was limiting if both the Fe and FeNP 
treatments had a higher growth rate than the 
control treatment. Fe and NP were considered 
to be co-limiting if growth rate in the FeNP 
treatments was higher than in the control treat-
ment and the treatments receiving Fe and NP.
Results
At both stations, the PEA and surface wa-
ter temperature (Fig. 2) were higher during the 
rainy season than during the dry season (Table 
1). The PEA was lowest during the dry season 
in the southern station. Epilimnetic PO
4
 con-
centrations varied between 0.1 and 0.6 µM 
while nitrate concentrations varied from 1.6 to 
3.7 µM. Phosphate and nitrate concentrations 
did not differ systematically between the dry 
and rainy season. Dissolved silica concentra-
tions were always relatively high (24.6 to 
33.5 µM). The particulate nutrient ratios did 
not show significant differences among the 
experiments. C:N ratios ranged from 7.52 to 
8.33, C:P ratios ranged from 140 to 186 and N:
P ratios ranged from 16.8 to 24.3. 
The deep Fe and Al profiles during the 
rainy season of 2004 clearly indicated an 
increase in dissolved Fe concentrations with 
depth below 150 m and a decrease of dis-
solved Al concentrations with depth (Fig. 3). 
Epilimnion concentrations ranged from 7.1 
to 25.9 nM for Fe and from 135.7 to 329.5 
nM for Al, while concentrations below 150 m 
ranged from 81.7 to 250.0 nM for Fe and from 
59.9 to 83.3 nM for Al. Surface water monitor-
ing of Fe and Al revealed that concentrations 
at 20 m ranged from 1.47 to 92.28 nM and 
106 to 649 nM, respectively (Fig. 4). These 
epilimnetic concentrations of both elements 
co-varied over time, suggesting external ter-
restrial input of both elements. The increase in 
Al and Fe concentrations near the end of the 
rainy season corresponded with the period of 
maximal inflow rate of the three main tribu-
tary rivers (Langenberg et al. 2003a).
The chlorophyll a concentrations in the 
lake at the time of the experiments varied 
between 0.6 and 1.7 µg L-1. The chlorophyll 
a concentration was significantly higher in 
Mpulungu compared to Kigoma (p <0.001) 
and was also significantly higher during the 
dry season than during the rainy season at both 
stations (Table 1). The CHEMTAX analysis of 
the HPLC pigment data revealed that picocya-
nobacteria were relatively more important at 
the southern station Mpulungu, especially dur-
ing the dry season. Chlorophytes and diatoms 
had a significantly higher contribution during 
the dry season in Kigoma, but not in Mpulun-
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Fig. 2. Temperature profiles measured during 
the experiments.
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gu. Cell densities of picocyanobacteria ranged 
from 2.71 to 9.88 × 104 cells ml-1 and were 
highest during the dry season at the southern 
station. Nanophytoplankton densities were 
comparable during all experiments and ranged 
from 0.98 to 2.36 × 103 cells ml-1. Analysis of 
samples using inverted microscope showed 
that the larger phytoplankton (>5 µm) was 
dominated by chlorophytes in 
the rainy season at the northern 
station, by Chroococcales during 
the rainy season at the southern 
station and by the large colonial 
diatom Nitzschia asterionelloi-
des during the dry season at both 
stations (Cocquyt & Vyverman 
2005). 
Experimental results are dis-
played in Fig. 5, while output of 
the ANOVA tests is summarized in Table 2. 
The five experiments were named after the sta-
tion, season and year at which they were con-
ducted; Kig for the northern station Kigoma 
and Mpu for the southern station Mpulungu, 
RS for rainy season and DS for dry season and 
a two-digit notation for the year.
Fe addition had a significant effect on the 
increase of cyanobacterial picophytoplankton 
and zeaxanthin concentrations in all experi-
ments except the Mpu RS 04 experiment (Fig. 
5). Even in the Mpu RS 04 experiment, an 
effect of Fe addition in combination with NP 
addition could be observed after 3 days. Fe 
addition had an effect on nanophytoplankton 
growth after 1 day in the Kig RS 04 experi-
ment and after 3 days in the Kig RS 03 and the 
Mpu RS 04 experiment, while Fe limitation 
of fucoxanthin was observed in none of the 
experiments.
NP addition had a significant effect on cy-
anobacterial picophytoplankton in the Kig RS 
03, Kig RS 04 and Mpu RS 04 experiments 
after 1 day. An effect of NP on zeaxanthin con-
centrations was observed after 3 days in the 
Kig DS 03 experiment. Nanophytoplankton 
increased in response to NP addition in all ex-
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Fig. 3. Vertical profiles for dissolved iron 
(dashed line) and aluminum (full line) 
measured at the northern station TK1 and the 
southern station TK8 during the rainy season 
of 2004.
Fig. 4. Temporal variation in iron (dashed line) and aluminum 
(full line) concentrations at 20 m at the southern station 
Mpulungu.
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periments conducted during the rainy season. 
Lutein concentrations were stimulated by NP 
in all experiments at the northern station. An 
increase in lutein concentration in the treat-
ments receiving NP addition was observed for 
the southern station Mpulungu, but was not 
significant. Fucoxanthin concentrations were 
stimulated by NP additions in the Kig DS 03 
and Kig RS 04 experiments.
Increases in cyanobacterial picophyto-
plankton as well as zeaxantin concentrations 
were higher in the FeNP treatment than in the 
Fe and NP treatments in all experiments after 
3 days, suggesting that picocyanobacteria 
were co-limited by Fe and NP. In the Mpu 
DS 03 experiment, cyanobacterial picophyto-
plankton growth revealed evidence for FeNP 
colimitation already after 1 day. Evidence for 
FeNP co-limitation of nanophytoplankton was 
observed in the Kig RS 04 experiment after 
one day and in the Kig RS 03, Kig DS 03 and 
Mpu RS 04 experiments after 3 days. Lutein 
and fucoxanthin increases were never higher 
in the FeNP treatments than in the Fe or NP 
treatments.
The chlorophyll a increase in the control 
treatments was significant in all experiments 
except in the Mpu RS 04 experiment. Fe ad-
dition alone did not result in a significant 
increase in chlorophyll concentration, while 
NP caused a significant increase in the Kig 
DS 03 and Kig RS 04 experiments. Combined 
addition of Fe and NP resulted in a significant 
increase in chlorophyll concentrations in all 
experiments.
Considering the number of significant 
effects (Fe-/NP- or co-limitation) after 1 day 
for prokaryotic picocyanobacteria and nano-
phytoplankton, the counts showed effects in 
17 of 30 cases (treatments/experiments) while 
pigments revealed significant effect in only 6 
out of 30 cases. After 2 days, counts revealed 
significant effects in 19 out of 30 cases and 
pigments revealed significant effect in 13 out 
of 30 cases.
Discussion 
Five nutrient enrichment bioassays with 
NP and Fe addition were performed during 
contrasting seasons at two stations in Lake 
Tanganyika. The response of different phy-
toplankton groups was studied using both 
HPLC pigment analysis and epifluoresence 
cell counts. Both cell counts and pigment 
data indicate that, during both the dry and 
rainy seasons, phytoplankton communities in 
Lake Tanganyika are limited by one or more 
nutrients. Futhermore we demonstrated that 
different algal groups respond differentially 
to nutrient additions. A larger number of sig-
nificant effects were detected based on the cell 
count data than based on the pigment data. 
This difference can probably be ascribed to 
changes in the cellular pigment concentration 
during incubation which may be due to the 
altered average light conditions experienced 
by the cells upon incubation or due to changes 
in the phytoplankton growth rate (Kirk 1994, 
McManus 1995, Henriksen et al. 2002). In 
general, however, the pigment data were in 
line with the cell count data. 
Fe limitation during our experiments was 
observed for picocyanobacteria and in some 
cases for chlorophytes, but never for diatoms. 
This is in agreement with experimental obser-
vations by Parparova and Yacobi (1998) in 
Lake Kinneret that cyanobacteria and chlo-
rophytes were most sensitive to the reduction 
of Fe bioavailability. An effect of Fe on pico-
cyanobacteria has previously been observed 
in other lakes, like in Lake Erie (Twiss et al. 
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Fig. 5. From top to bottom increase in picocyanobacteria densities, zeaxanthin concentrations, 
nanophytoplankton densities, lutein, fucoxanthin and chlorophyll a concentrations after 24 (white 
bars) and 72 (shaded bars) hours during 5 nutrient addition experiments (Kig; Kigoma, Mpu; Mpulungu, 
RS; rainy season, DS; dry season, 03/04; year). C; control treatment receiving no nutrient addition, 
Fe; treatment receiving iron (Fe), FeNP; treatment receiving both Fe, nitrogen (N) and phosphorus 
(P) addition, NP; treatment receiving N and P addition. Significant p-levels of 2-way ANOVA are 
included in Table 2. Homogeneous groups based on Tucky-test are indicated with A, B, etc.
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2000a, b) and in acidic Canadian Shield lakes 
(Auclair 1995). In other lakes, Fe stimulated 
growth of larger colonial cyanobacteria (Imai 
et al. 1999, Hyenstrand et al. 2001). 
In lakes where cyanobacterial growth 
was limited by Fe, it was proposed that the 
bioavailability of Fe was limited due to rapid 
oxidation of ferrous Fe to ferric Fe at high 
pH or due to complexation of Fe with humic 
acids. This could also be the case in Lake 
Tanganyika, where Fe may be biologically 
unavailable due to the high pH (8.4 to 9.2). 
The importance of Fe as a limiting nutrient for 
picocyanobacteria could be linked to the high 
Fe requirements of their photosynthetic appa-
ratus. Raven et al. (1999) pointed out that the 
photosynthetic apparatus of picocyanobacteria 
has a high proportion of the Fe-rich photosys-
tem I relative to the Fe-poor photosystem II. 
In contrast to picocyanobacteria chloro-
phytes appeared to be primarily limited by N 
and/or P rather than Fe. Stimulation of diatom 
growth by NP was also observed in treatments 
receiving macronutrient addition at the north-
ern station. This limitation by macronutrients 
was also suspected based on the particulate 
nutrient ratios, which suggest moderate P 
limitation and more severe limitation during 
the rainy season. 
Despite the fact that significant effects of 
nutrient additions were observed for separate 
algal groups in all experiments after 1 day of 
incubation, a response in total chlorophyll 
a was usually only observed after 3 days of 
incubation and often only in the treatments 
receiving all nutrients (N, P and Fe). A lack of 
response of total chlorophyll a is not unusual 
in a situation where community multiple re-
source co-limitation sensu Arrigo (2005) ap-
plies, i.e. the situation where one segment of 
the phytoplankton community is stimulated by 
one resource and another segment by another 
KigRS03 KigDS03 MpuDS03 KigRS04 MpuRS04
Picocyano-
bacteria
t24
t72
FeNP 0.003
Fe <0.001 / 
NP <0.001
Fe <0.001 / 
NP <0.001 *
FeNP <0.001
FeNP <0.001
FeNP <0.001
Fe 0.001 / 
NP <0.001
FeNP <0.001
NP <0.001
FeNP 0.020
Zeaxanthin
t24
t72
/
Fe <0.001 / 
NP <0.001
Fe 0.004
FeNP <0.001
Fe 0.004
FeNP 0.004
Fe <0.001
FeNP <0.001
NP 0.006
Fe <0.001 / 
NP <0.003
Nanophyto-
plankton
t24
t72
NP <0.001
FeNP 0.030
Fe 0.050
FeNP 0.041
/
FeNP 0.048
FeNP <0.001
FeNP 0.015
FeNP 0.009
FeNP 0.021
Lutein
t24
t72
Fe 0.007
FeNP 0.047
Fe 0.002
NP <0.001 *
/
FeNP 0.019
FeNP 0.017
FeNP 0.032
/
NP 0.010
Fucoxanthin
t24
t72
Fe 0.004 /
NP <0.001
FeNP <0.001
NP <0.001
NP <0.001
/
FeNP 0.023 *
NP 0.010
FeNP 0.003
FeNP 0.007
/
Chl a
t24
t72
/
FeNP <0.001
FeNP 0.030 *
NP <0.001
/
FeNP <0.001
FeNP 0.027
FeNP <0.001
/
Fe 0.003 / 
NP 0.003
Table 2: Results of 2-way ANOVA showing significant effects and their corresponding p-level. * Deviating 
homogeneity of variance Levene’s <0.01. Results supported by Tukey tests are shown in bold.
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resource. Since picocyanobacteria, chloro-
phytes and diatoms were often stimulated by 
different nutrients, this seems to have been the 
case in this study. Decreases in the chlorophyll 
a content of the algae during incubation (as 
discussed earlier) may have contributed to the 
slow response of total chlorophyll a to nutrient 
additions in the experiments.
Fe limitation has recently also been 
observed in the two other lakes in the Afri-
can Rift system: Lake Victoria and Malawi 
(Guildford et al. 2003). While our results sug-
gest that Fe is the primary limiting nutrient 
followed by N and P, N or P were the primary 
limiting nutrients in Lake Victoria and Malawi 
while Fe was only secondarily limiting. In 
general, our experimental results suggest that 
total phytoplankton growth is co-limited by Fe 
and macronutrients in 4 out of 5 experiments. 
Given the differential response of phytoplank-
ton groups to nutrient addition, the difference 
in degree of iron limitation may be related to 
dissimilarities in the phytoplankton composi-
tion in these lakes. The dominant phytoplank-
ton groups in Lake Victoria and Malawi are 
respectively filamentous cyanobacteria and 
diatoms (Munawar & Hecky 2001). While 
picocyanobacteria are the dominant group in 
Lake Tanganyika, no data are currently avail-
able to compare the contribution of picocya-
nobacteria among lakes. 
While the close correlation of the dis-
solved Fe and Al concentrations suggests a 
high importance of external input at the end 
of the rainy season, which coincides with 
published data on the maximum river inflow 
(Langenberg et al. 2003a), this period did not 
correspond a higher picocyanobacterial bio-
mass during phytoplankton monitoring stud-
ies using HPLC pigment analyses (Descy et 
al. 2005) and microscopical cell counts (De 
Wever et al. subm.). Picocyanobacteria do 
however dominate the phytoplankton dur-
ing the dry season upwelling at the southern 
station. As already pointed out by Descy et 
al. (2005), the high mixing depth to photic 
depth ratio during periods of low water col-
umn stability at Mpulungu would favor small 
phytoplankton as these are efficient light har-
vesters. In addition, our experimental results 
suggest that the increase in picophytoplankton 
biomass during periods of low water column 
stability may be related to their high Fe de-
mand, especially since the Fe requirements of 
picocyanobacteria are higher under low-light 
conditions (Kudo & Harrison 1997). The in-
creased availability of Fe during the upwelling 
period may be related to the direct advection 
of Fe to the mixed layer (no increase in dis-
solved concentrations may be detected due to 
rapid uptake by phytoplankton) and/or to fac-
tors that influence the bioavailability of the Fe 
present in the epilimnion due to e.g. increased 
photoreduction in the presence of organic li-
gands due to a decrease in pH (Miller et al. 
1995) during upwelling (Plisnier et al. 1999). 
In conclusion, our experiments suggest 
that growth of the major phytoplankton group 
in Lake Tanganyika (picocyanobacteria) may 
be regulated by Fe bioavailability. Therefore, 
Fe may play an important role in the overall 
productivity of the lake. The productivity of 
Lake Tanganyika has been declining in the last 
century and this decline has been ascribed to 
an increase in water column stability related 
to a warming of the climate (O’Reilly et al. 
2003; Plisnier 1998; Verburg et al. 2003). Our 
observations suggest that increased water col-
umn stability may affect lake productivity not 
only by decreasing macronutrient inputs to 
the euphotic zone, but also by influencing the 
amount of bioavailabe Fe. 
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Seasonal changes in food web efficiency in Lake Tanganyika
Aaike De Wever, Karline Soetaert, Koenraad Muylaert, Wim Vyverman
Interactions in the microbial food web of Lake Tanganyika were studied 
using size fractionation experiments. These experiments were carried out 
at two stations, respectively in the north (Kigoma, Tanzania) and the south 
(Mpulungu, Zambia) of this oligotrophic lake during contrasting seasons. 
This was done in order to document whether and how food web structure is 
affected by seasonal changes in water column stability. The ranges of growth 
and grazing rate estimates obtained from the experiments were used in an in-
verse modelling approach, which allowed the estimation of unknown network 
flows and the reduction of estimated flow uncertainty. Our results highlight 
differences in the functioning of the food web between the northern station 
and the southern station, especially for the primary producers. At the southern 
station, which is directly exposed to dry season upwelling, picocyanobacteria 
increased during the upwelling. In the northern station on the other hand, 
diatoms increased during the dry season. Copepod grazers relied mainly on 
larger phytoplankton and ciliates. Clear seasonal changes in their diet related 
to differences in the phytoplankton composition. Heterotrophic nanoflagel-
lates (HNF) mainly fed on picocyanobacteria, while ciliates had a diet that 
was composed of both phytoplankton and heterotrophic bacteria. In general, 
components of the microbial food web became more important during higher 
stratification at the northern station, while at the southern station the impor-
tance of the microbial food web increased during dry season upwelling.
Introduction
Lake Tanganyika is a very deep and per-
manently stratified lake in the East African 
rift system. Because of the very long water 
turnover time, the lake can be considered as 
a virtually closed system, with major nutri-
ent inputs to surface waters originating from 
vertical mixing (Hecky et al. 1996; De Wever 
et al., chapter 1)). The degree of vertical mix-
ing is regulated by the intensity of annual 
southeasterly monsoon winds. During the dry 
season, these winds deepen the thermocline 
in the south of the lake, causing upwelling of 
deep water. When the monsoon winds stop, 
an internal wave, with amplitude of about 
20-40 metres, is initiated. This causes the 
mixed layer depth to oscillate between the 
north and south, which erodes the thermocline 
and injects nutrients into the surface water 
throughout the lake. Both upwelling of deep 
water in the south and the oscillating thermo-
cline throughout the lake, stimulate primary 
production. These nutrient inputs influence 
phytoplankton community composition as 
well (Descy et al. 2005), which will affect 
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food web structure and efficiency of transfer 
to higher trophic levels. 
Quantification of entire food webs poses 
a major challenge in ecology due to the mul-
titude of possible food web linkages and the 
lack of appropriate methods for measuring 
some interactions. In pelagic food webs, much 
information is available about the so-called 
classical food chain, comprising the link from 
large phytoplankton to macrozooplankton and 
up to fish. Much less is known about trophic 
interactions in the microbial food web, which 
links bacteria and small phytoplankton to pro-
tozoa, and about transfer of these components 
to the classical food chain. The introduction 
of stable isotope techniques in aquatic ecol-
ogy, has allowed studying trophic interactions 
mainly among larger organisms, i.e. phyto-
plankton, mesozooplankton and fish. Good 
techniques are also available to study some 
trophic interactions in aquatic microbial food 
webs (e.g. grazing by protozoa on bacteria 
(Landry 1993). However, many interactions 
are more difficult to measure, e.g. trophic 
interactions among protozoa or predation on 
protozoa by larger organisms. Application of 
stable isotope methods to microbial food webs 
is more difficult since groups of microorgan-
isms are hard to separate and because as yet no 
good biochemical markers are available. 
The first study of the food web in Lake 
Tanganyika (Hecky & Fee 1981) suggested 
a very simple food web structure composed 
only of phytoplankton, a few zooplankton 
species, two clupeid fish species and some 
piscivorous fishes. Clupeid fish production 
comprised 2.4% of primary production, sug-
gesting a short and efficient food web. In 
contrast, Sarvala et al. (1999) measured a 
food web efficiency (0.21-0.40 %) which was 
an order of magnitude lower. Neither study 
considered the role of the microbial food web 
in the lake. Nevertheless, given the oligotro-
phic status of Lake Tanganyika, the microbial 
food web presumably plays an important role. 
Several recent studies documented high bio-
masses of picophytoplankton (Descy et al. 
2005 and De Wever et al., subm) and bacteria 
(Pirlot et al. 2005, De Wever et al. subm). The 
results of a stable isotope study (Sarvala et al. 
2003) suggest an important role of the pico-
cyanobacteria, but was not conclusive on the 
importance of the entire microbial food web. 
Notwithstanding all this recent evidence, our 
comprehension of the food web of the sys-
tem remains incomplete and many food web 
flows remain unquantified. In addition, the 
temporal and spatial differences, as resulting 
from the impact of the monsoon have not yet 
been addressed. It is clear that nutrient inputs 
and fish productivity are regulated by El Niño 
(Plisnier 1998) as well as by climate warming 
(O’Reilly et al. 2003, Verburg et al. 2003), and 
these changes in productivity have important 
consequences for the population from the ri-
parian countries, which depend heavily on fish 
from the lake as a source of proteins. 
Inverse modelling provides a useful ap-
proach to quantify unknown interactions in 
food web studies. It merges in situ observa-
tions on (combinations of) flows with con-
straint relationships that may be obtained 
from the literature, ensuring mass balance of 
food web flows (Vezina & Platt 1988, Vezina 
et al. 2004). Thus, data that otherwise do not 
provide a complete picture of food webs, can 
be used to reconstruct the unknown flux mag-
nitudes (Niquil et al. 1998, Donali et al. 1999, 
Richardson et al. 2004). In contrast to meth-
ods in which all food web flows are specified a 
priori (e.g. Gaedke 1994, Havens et al. 1996), 
inverse modelling sensu Vezina and Platt 
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(1988) takes into account the uncertainty in 
the input parameters and as a result estimates 
food webs that are also uncertain. Mathemati-
cally, this uncertainty arises because the sys-
tem of equations is highly underdetermined, 
i.e. whose solutions are not unique. 
The goal of this study was to experimen-
tally investigate the contribution of microor-
ganisms to the food web in Lake Tanganyika. 
Sequential size fractionation experiments 
were used to study trophic interactions among 
different groups of microorganisms and be-
tween microorganisms and mesozooplankton. 
In such experiments, water is filtered through 
filters of decreasing pore sizes (cf. Wright & 
Coffin 1984, Wikner & Hagstrom 1988, Cal-
bet & Landry 1999). As pelagic food chains 
tend to be strongly size-structured (Sheldon et 
al. 1972), this results in a gradual truncation of 
the food chain. While such experiments allow 
indirect determination of both growth rates 
and predation losses of different groups of 
organisms, they provide no information about 
other important links in the food web. To fill in 
these gaps, inverse modelling was used. 
The experiments were carried out at two 
contrasting sites and during contrasting sea-
sons to investigate spatial and temporal vari-
ability in food web structure. 
Materials and Methods
Environmental conditions. Results of 
limnological measurements at the time of the 
experiments are shown in Table 1 (De Wever 
et al. subm.; chapter 1). The potential energy 
anomaly, which is a measure of the water col-
umn stability, was significantly lower during 
the dry season. This was due to upwelling in 
the south of the lake and oscillations of the 
thermocline in the north. These differences 
in water column stability were not reflected 
in concentrations of dissolved nutrients which 
were low on all occasions, probably because 
new nutrients were rapidly taken up by phy-
toplankton. Monitoring observations from 
the same study period also revealed a high 
contribution of picophytoplankton and small 
nanophytoplankton (<5 µm) at the southern 
station Mpulungu, which was even more 
marked during the dry season upwelling. At 
the northern station Kigoma, diatoms were 
important in addition to picophytoplankton 
and nanophytoplankton < 5 µm (Cocquyt & 
Vyverman 2005). 
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Fig. 1: Sampling sites; Kigoma in the north of 
the lake and Mpulungu in the south.
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Experimental setup. Experiments were 
carried out at two sites: Kigoma (04°52.51’ 
S, 29°35.75’ E, Tanzania) in the north of the 
lake and Mpulungu (08°45.11’ S 31°04.35’ E, 
Zambia) in the south (Fig. 1). The sampling 
sites were situated off-shore, in the deep wa-
ter area of the lake. In Kigoma, experiments 
were carried out during the dry season of 
2003 (September 1) and the rainy seasons of 
2003 (March 24) and 2004 (February 13). In 
Mpulungu, experiments were performed dur-
ing the dry season of 2003 (September 20) and 
the rainy season of 2004 (February 27). Water 
for the experiments was collected from 0, 10, 
20 and 30 m depth (representing the upper 
mixed water column) using a 5 L Hydrobios 
(Kiel, Germany) sampling bottle and pooled 
in a large container. Copepods were collected 
using a 200 µm plankton net hauled vertically 
from 100 m depth. For each experiment, 6 
treatments were prepared in triplicate by fil-
tering over a 0.8 µm, 5 µm, 28 µm, and 100 
µm mesh and unfiltered. The 100 µm mesh 
treatment was performed with or without ad-
dition of copepods, as, in the unfiltered water, 
the variation in copepod abundance was high 
due to the relatively small bottle size used. 
Preliminary tests were conducted during the 
dry and rainy season of 2002, to select from a 
wide range of filter pore sizes (0.6, 0.8, 1.2, 2, 
5, 10, 28, 100 and 200 µm) the optimal pore 
sizes for separating the major groups of mi-
croorganisms present in the lake. The selected 
filters could successfully separate heterotro-
phic nanoflagellates (HNF; < 5 µm), ciliates 
(< 28 µm, but with larger representatives in 
the < 100 µm fraction) and copepods (juvenile 
stages in < 100 µm; adult stages in unfiltered 
water). 
The < 0.8 µm and < 5 µm treatments 
were prepared using polycarbonate membrane 
filters using low pressure (< 0.2 bar) and fre-
quent replacement of filters. To prepare the < 
28 µm and < 100 µm treatments, water was 
reverse filtered through a submersed nitex 
mesh. For the copepod treatments, 10 Tropo-
diaptomus simplex individuals (the dominant 
copepod in the lake) were selected under the 
dissection microscope and added to each rep-
licate bottle. All treatments were incubated 
in transparent 2.4 L polycarbonate bottles. 
In order to avoid nutrient limitation and to 
Table 1: Environmental conditions during the experiments showing averages of 4 samplings over 
0-100 m for temperature, potential energy anomaly (PEA), mixed over euphotic depth (Zm: Zeu), 
SRP (PO
4
-P), NO
3
 -N and Si; averages of 4 samplings over 0-40 m for the particulate nutrient ratios 
C:N, C:P and N:P. Standard deviation is given between brackets. Significant differences between 
consecutive seasons in an ANOVA followed by LSD post-hoc test are indicated by <:p<0.05, <<:p<0.01 
and <<<:p<0.001. RS; rainy season, DS; dry season.
Station Northern station - Kigoma Southern station - Mpulungu
Season RS 2003 DS 2003 RS 2004 DS 2003 RS 2004
Temperature (ºC) 25.99 (0.13) >>> 25.30 (0.09) << 25.71 (0.15) 24.75 (0.28) <<< 26.10 (0.16)
PEA (J m-3) 17.81 (0.49) >>> 9.36 (2.08) << 16.66 (2.29) 4.97 (3.41) <<< 18.16 (0.91)
Zm : Zeu 0.66 (0.16) 0.81 (0.22) - 1.41 (0.17) 4.29 (2.38) >> 0.81 (0.08)
SRP (mg L-1) 0.003 (0.001) < 0.017 (0.008) 0.019 (0.013) 0.015 (0.004) 0.011 (0.002)
NO3-N (mg L-1) 0.052 (0.063) 0.023 (0.013) 0.046 (0.011) 0.041 (0.013) 0.043 (0.015)
Si (mg L-1) NA 0.79 (0.03) > 0.69 (0.06) 0.91 (0.11) 0.94 (0.05)
C:N (mol/mol) 7.93 (0.50) 8.33 (0.44) 8.13 (1.05) 7.52 (0.27) 7.74 (0.37)
C:P 171.18 (10.17) 140.15 (11.82) 152.18 (31.59) 153.53 (32.34) 185.69 (73.18)
N:P 21.69 (2.50) 16.81 (0.87) 18.67 (2.47) 20.33 (3.64) 24.28 (10.78)
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compensate for differences in nutrient regen-
eration by predators between treatments, N 
and P and trace elements were added to reach 
final concentrations of 2.5 µM NaH
2
PO
4
, 10 
µM NH
4
Cl and 12 µM FeCl
3
.6H
2
O, 12 µM 
EDTA, 15 µM H
3
BO
3
, 0.9 µM MnCl
2
.4H
2
O, 
0.12 µM ZnSO
4
, 0.04 µM CoCl
2
.6H
2
O and 
0.02 µM Na
2
MoO
4
.2H
2
O. N and P were added 
in concentrations comparable to maximal dis-
solved nutrient concentrations observed in the 
epilimnion of the lake. Trace elements were 
supplemented in concentrations according to 
concentrations frequently used in culture me-
dia. The bottles were incubated in the lake at 
5 m depth, which corresponds to 30% of the 
surface irradiance when light absorption by 
the bottle wall was taken into account. At this 
depth, phytoplankton photosynthesis should 
have been within the maximal range according 
to published photosynthesis-irradiance curves 
for Lake Tanganyika phytoplankton (Sarvala 
et al. 1999). Subsamples for pigment analysis 
(500 ml), ciliate and copepod enumeration (1 
L) and bacteria enumeration (10 ml) were col-
lected at the start of the experiment and after 
72 hours of incubation.
Laboratory procedures. Samples for 
pigment analysis were directly filtered over 
a Whatman GF/F filter. The glass fiber filters 
were wrapped in aluminum foil and stored 
at -20ºC. Pigments were extracted in 90% 
acetone using sonication (tip sonicator, 40 
W for 30 s). Pigment extracts were filtered 
over a 0.2 µm nylon membrane to remove 
particles. Pigments were analysed according 
to the method of Wright and Jeffrey (1997) us-
ing a Gilson HPLC system equipped with an 
Alltima reverse-phase C18 column (25 cm × 
4.6 mm, 5 µm particle size). The pigments fu-
coxanthin, lutein, zeaxanthin and chlorophyll 
a were identified and quantified by comparing 
their retention time and absorption against 
pure standards. Pigment identity was always 
verified by inspecting the absorption spectra 
using a diode array detector. Pigment data 
were processed with the CHEMTAX software 
(Mackey et al. 1996) to estimate the contribu-
tion of major algal groups to total phytoplank-
ton biomass using an initial pigment ratio ma-
trix derived from a published study on Lake 
Tanganyika (Descy et al. 2005). We used a 
carbon to chlorophyll conversion factor of 35 
as suggested by Sarvala et al. (1999). 
For the determination of the DOC con-
centration, water was filtered over a pre-com-
busted GF/F filter (Whatman) using a stainless 
steel filter unit, collected in pre-combusted 5 
ml borosilicate glass vials and acidified to 
pH <2 with phosphoric acid. DOC samples 
were analysed by means of high temperature 
catalytic oxidation using a Shimadzu T-5000 
analyser equipped with a platinum catalyst on 
quartz wool.
Bacteria were stained with DAPI (4’,6’-di-
amidino-2-phenylindole; Porter & Feig 1980) 
and filtered onto a 0.2 µm pore size membrane 
filter. At least 400 cells were counted in a 
minimum of 10 randomly chosen fields using 
UV illumination (365 nm excitation filter and 
397 nm emission filter). The bacterial biomass 
was calculated based on bacterial densities us-
ing an average cell carbon content of 10 fg as 
determined by Pirlot et al. (2005). 
Samples for flagellate and ciliate enu-
meration were fixed according to the lugol-
formalin-thiosulphate method (Sherr & Sherr 
1993). For the detection of flagellates, a 100 
ml sample was filtered onto a 0.8 µm pore size 
polycarbonate membrane filter and stained 
with DAPI. At least 100 cells were counted 
using UV illumination. A distinction with 
autotrophic organisms was made by switching 
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to blue and green illumination. Samples for 
ciliate and copepod enumeration (1 L) were 
concentrated by 48h sedimentation. HNF and 
ciliate cell counts were converted to carbon 
biomass using standard biovolume-to-carbon 
conversion factors (Borsheim & Bratbak 
1987). Copepods were counted in the sedi-
mentation samples. Because samples were lost 
during transport in 2004, no copepod counts 
were available for those experiments, instead 
we used an average biomass of 2.6 µg C L-1. 
Copepod biomass calculations were based on 
length measurements and published carbon to 
length regressions (Sarvala et al. 1999).
Calculations of growth and grazing 
rate. Growth and grazing rates in fractionation 
experiments are generally calculated based on 
the exponential growth equation according to 
Marin et al. (1986):
, 
where µ is the observed rate of increase, 
k is the net production rate (ingestion-faeces-
respiration), g is the mortality rate (due to 
predation) and C is the biomass in terms of 
carbon. Based on biomass estimates at two pe-
riods, C
0
 at the start of the experiment and C
t
, 
after time t, the growth rate can be estimated as 
µ = ln(C
t
/C
0
)/t. In case C
t
 and C
0
 are measured 
from the predator free treatment, the estimated 
µ can be considered equal to the net produc-
tion rate k. For some components, none of the 
treatments could be considered as completely 
predator free, whilst in other cases the bio-
mass increase in non-predator free treatments 
exceeded that in predator free treatments. In 
these cases, we used the treatment with the 
highest average biomass increase to estimate 
net production rates k. The observed rate of in-
crease obtained for ciliates was unrealistically 
low in all but one experiment (Kig DS03). 
This may be due to damage during filtration. 
As the chance for damage in the unfiltered 
treatment, which was modelled, is lower, we 
used the average growth rate of 0.75 d-1 for the 
dominant cilate species Vorticella aquadulcis 
obtained by Macek et al. (1996).
Predation on the organisms was then 
calculated based on the difference between 
the net production k and the rate of increase 
observed in the treatment with grazers, with 
: g = k - ln(C’
t
/C’
0
)/t, where C’ is the prey 
biomass in the treatment including predators. 
For example, the net production rate of the 
HNF (k
HNF
) was estimated based on the bio-
mass increase in the 5-µm treatment (µ
HNF,5
), 
which excluded all its predators. The grazing 
of ciliates on HNF could then be estimated as 
the difference between this net growth rate 
and the estimated growth of HNF based on the 
28-µm treatment: g
HNF,Cil 
= µ
HNF,5 
- µ
HNF,28
. In 
order to account for grazing by larger ciliates 
present in the unfiltered treatment, we multi-
plied the observed grazing with the proportion 
of the predator in the unfiltered treatment and 
the 28-µm treatment (g
HNF,Cil 
= (µ
HNF,5 
- µ
HNF,28
) . 
C
Cil,U
/C
Cil,28
), calculated the grazing rate based 
on the 100-µm treatment and selected mini-
mum and maximum rates as model input.
Grazing of copepods on HNF then equals: 
g
HNF,Cop
 = µ
HNF,5 
- µ
HNF,Z
 - g
HNF,Cop
. As we intro-
duced picked out copepods in the Z-treatment, 
we corrected for differences in copepod densi-
ties as: g
HNF,Cop 
=(µ
HNF,5 
- µ
HNF,Z
) . C
Cop,U
/C
Cop,Z 
- µ
HNF,Cil
.
Note that the error increases as more steps 
are included in the analysis. These calcula-
tions provide biomass-specific rates (d-1). To 
be used the estimated in the model (see below) 
they were converted to flux estimates (mg C 
m-3 d-1) by multiplying with the mean biomass 
of each compartment, as estimated from the 
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unfiltered treatments and integrating this over 
one day:
The inverse model. The experimental 
results from the unfiltered treatment were 
used to construct a mass balance model that 
describes the carbon flows amongst different 
biotic and abiotic compartments. The mass 
balance for a compartment j equals the storage 
rate dC
j
/dt, to the sources – sinks.
�� ����
i
ijjj
i
ji
j GDRG
dt
dC
,,
(1)
Here G
i,j
 is the grazing of j on component 
i. ∑
i
jiG ,
 
is the total grazing of component j, R
j
 
is the respiration, D
j
 is detritus production + 
DOC exudation, whilst ∑
i
ijG ,
 
is the predation 
on component j by other organisms.
Such a mass balance model can be solved 
using the approach by Vézina and Platt (1988), 
which takes as input (1) in situ flow measure-
ments, either as single values or as lying within 
minimum-maximum ranges, (2) physiological 
constraints, and (3) mass balance constraints. 
Mathematically the equations consist of a mi-
nimisation criterion, a set of linear equality 
and a set of linear inequality constraints.
(2)
(3)
(4)
Where [ ]ixX =  
contains the food web 
flows, the linear equalities (3) contain the mass 
balances (1), and measurements imposed as 
single values, and the inequalities (4) contain 
the constraints and measurements estimated as 
ranges. As there are fewer equations than un-
knowns, many solutions exist. Thus, the mini-
misation criterion (2) singles out a unique food 
web, the parsimonious solution. As shown by 
Kones et al. (2006) the parsimonious solution 
does not necessarily produce realistic solu-
tions. Therefore, in accordance with these au-
thors, we also calculated the range of possible 
food web flows, using linear programming, 
and via Monte Carlo techniques the mean and 
standard deviations of the flows (Kones et al. 
2006). 
Seven compartments could be distin-
guished from the experiments (Fig. 2). They 
comprised three autotrophic compartments: 
picocyanobacteria (P1), chlorophytes (P2), 
diatoms (P3) and 4 heterotrophic compart-
ments: bacteria (B), heterotrophic nanoflagel-
lates (HNF), ciliates (Cil) and mesozooplank-
ton (Z). To complete the model we included 
the DDOC compartment in which we lump 
particulate detritus and DOC. Finally, the CO
2
 
compartment was used as an external model 
variable (no mass balance needs to be con-
structed for external variables).
These compartments were connected by 
24 flows, 17 flows constrained by measure-
ments (see below), 4 respiration flows and 3 
DOC release flows (Fig. 2). From the litera-
ture it is known that some organisms do not 
feed on particular size classes (Sheldon et al. 
1972). These grazing interactions were then 
not included. This was the case for heterotro-
phic nanoflagellates grazing on large diatoms, 
as the latter are too large for the small sizes of 
flagellates present. To simplify the model we 
considered only the net flow between CO
2
 and 
phytoplankton, and between DDOC and bac-
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teria. As DOC measurements were generally 
high and only available for a limited number 
of occasions, we used an average value of 
2600 mg C m-3 and assumed that DOC re-
mained constant during the experiments. As 
we could not constrain the DOC exudation by 
the phytoplankton based on the data, we con-
sidered an extra flow from CO
2
 to DOC, which 
was allowed to range up to two times the total 
net primary production.
As in the experiments, three replicates 
were analysed, we calculated plausible ranges 
of flows that thus entered the inequalities (4) of 
the model. As the model also estimates flow 
ranges, the uncertainty in the input data as ob-
tained from the experiments is then translated 
into uncertainties of the entire food web.
Estimates were available (as ranges) for 6 
net production flows (all biotic compartments, 
except mesozooplankton), 11 grazing flows 
and 6 rates of changes. They are shown in 
Table 2. The stocks were calculated as the av-
erage biomass observed in the unfiltered treat-
ment, rates as the average biomass increase 
after one day (based on increase observed af-
ter 3 days). Given the short incubation period, 
mesozooplankton biomass was considered to 
remain constant during the experiment.
The physiological constraints, imposed 
as inequalities (4) in the inverse model, are 
patterned to the (marine) Gulf of Riga food-
web as in Donali et al. (1999). This model 
describes a planktonic food web comprising 
more or less the same biotic components as in 
our experiments. As in our model, we lumped 
the DOC and detritus compartment, the con-
straints on DOC produced through sloppy 
zooplankton feeding (10% of ingestion) were 
added to feasible faeces production (20%), 
such that it should exceed 30% of ingestion 
(Donali et al. 1999). Heterotrophic respiration 
was divided in maintenance respiration (10%; 
Sanders et al. 1992) and respiration associated 
with growth (> 40% of the assimilated food). 
Bacterial assimilation was allowed up to two 
times the bacterial biomass (Fasham et al. 
1999).
All in all, the model thus included 8 com-
partments, 24 flows and 25 inequalities.The 
model was solved using the implementation 
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Fig. 2: Overview of the model design, showing the included compartments and flows. P1: 
picocyanobacteria, P2: chlorophytes, P3: diatoms, B: bacteria, HNF: heterotrophic nanoflagellates, 
Cil: ciliates, Z: mesozooplankton, DDOC: detritus and dissolved organic carbon, and the external 
variable CO
2
.
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of the inverse method in the Femme package 
(Soetaert et al. 2002). Based on the methodol-
ogy as explained in Kones et al. (2006), 400 
plausible model solutions were generated 
based on a Monte Carlo application. 
Network analysis. Based on the model 
results, network analysis was applied to de-
termine the trophic level and the oligotrophy 
index. The trophic level is calculated as sug-
gested by Odum & Heald (1975): 
with n the number of groups in the system, 
DC
ij
, the diet composition, with the fraction of 
prey j in the diet of species i and TL
j
 the tro-
phic level of the prey. Autotrophic organisms 
and detritus have a trophic level of 1, hetero-
trophic bacteria have trophic level 2.
The omnivory index (OI), estimates the 
variation of trophic levels on which a predator 
feeds. It is calculated according to Pauly et al. 
(1987 in Christensen & Pauly 1992):
with TL
j
 the trophic level of prey j and TL 
the average trophic level of the preys.
Results
The initial and final conditions in unfil-
tered treatments of the experiments are shown 
in Table 2 and Fig. 3. The dominant phyto-
plankton groups after 72 h are identical to 
those observed at the start of the experiment: 
the picocyanobacteria (P1) during the rainy 
season 2003 in Kigoma, diatoms (P3) during 
the dry season 2003 in Kigoma, picocyano-
bacteria during the dry season in Mpulungu 
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Fig. 3: Biomass of the food web components 
in the unfiltered treatment of the experiment 
at the start (t0) and after 24 h (t24) during the 
experiments. (A) Phytoplankton biomass; 
P1: picocyanobacteria, P2: chlorophytes, P3: 
diatoms. (B) Bacterial biomass. (C) Biomass 
of heterotrophic protozoa; ciliates and HNF 
and mesozooplankton (Z). The experiments 
are abbreviated as follows: Kig; Kigoma, Mpu; 
Mpulungu; RS; Rainy season, DS; Dry season, 
03/04; year 2003/2004.
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and chlorophytes (P2) and picocyanobacteria 
during the rainy season 2004 at both stations 
(Fig. 3A). The total phytoplankton biomass at 
the start of the experiment ranged from 20.0 
to 38.7 µg C L-1. The total phytoplankton 
biomass increased after 24 h, as calculated 
from the observed growth after 72 h, in all ex-
periments. The bacterial biomass ranged from 
16.90 to 33.14 µg C L-1 and was highest during 
the dry season (31.00 in Kigoma and 33.14 in 
Mpulungu). Increases in bacterial biomass (B) 
during the experiment after 72h were rather 
limited (0.06 to 5.02 µg C L-1) and largest dur-
ing the rainy season of 2004 at both stations 
(Fig. 3B). With a biomass between 1.07 and 
3.91 µg C L-1 heterotrophic nanoflagellates 
(HNF) were the most important heterotro-
phic component in terms of biomass during 
the dry season of 2003 in Kigoma and during 
the rainy season 2004 at both stations (Fig. 
3C). The HNF was composed of small spe-
cies between 2 and 5 µm diameter. Increases 
in HNF biomass in the unfiltered treatment 
were observed during all experiments except 
for the experiment during the dry season of 
2003 in Mpulungu. The ciliate community 
composition was dominated by small (10 to 
30 µm) peritrich ciliates (Vorticella sp.). The 
ciliate biomass at the start of the experiment 
ranged from 0.20 to 2.28 µg C L-1. The high-
est ciliate biomass was observed during the 
dry season at the Mpulungu station (2.28 µg 
C L-1) and during the rainy season 2004 at the 
Kigoma station (1.47 µg C L-1). At both of 
these stations we observed a sharp decrease in 
ciliate biomass during the experiment. During 
the remaining experiments, we generally ob-
served a slight decrease of ciliate densities in 
the unfiltered treatment. The dominant meso-
zooplankton species was the calanoid copepod 
Tropodiaptomus simplex. The mesozooplank-
ton biomass in the unfiltered treatment ranged 
from 1.00 to 9.77 µg C L-1 and was highest 
during the dry season experiment of 2003 in 
Mpulungu. No data were available for the 
rainy season of 2004. 
The ranges for the growth and grazing 
rates corresponding to the input data in the 
inverse model are show in parentheses in 
Table 2. The autotrophic compartments gener-
ally displayed quite high growth rates (0.39 to 
2.22 d-1), roughly within comparable ranges. 
The highest growth rate was observed for P3 
during the dry season 2003 in Mpulungu. The 
highest absolute biomass increase was due to 
picocyanobacteria (56.69 to 69.41 µg C L-1) 
during the dry season in Mpulungu and to dia-
toms (40.08 to 53.06 µg C L-1) during the dry 
season in Kigoma. The heterotrophic bacteria 
had a comparable net production over differ-
ent seasons and stations, with growth rates 
ranging from 0.08 to 0.33 d-1. The growth rate 
of HNF generally ranged between 0.22 and 
0.68 d-1 except in the dry season experiment in 
Mpulungu (0.00-0.10 d-1). The observed cili-
ate growth rates were very low (0.00 to 0.16 
d-1). 
Predation rates measured in the fraction-
ation experiments are shown in Table 2. HNF 
predated on picocyanobacteria, chlorophytes 
and bacteria. Predation rates of HNF on pi-
cocyanobacteria ranged from 0.00 to 0.91 d-1. 
The highest predation rates were observed 
during the rainy season of 2003 in Kigoma 
and during the dry season of 2003 in Mpu-
lungu (ranges 0.32 to 0.91 and 0.34 to 0.50 
d-1 respectively). The minimum predation rate 
of HNF on P2 was 0 in all experiments and 
ranged up to 0.56 d-1. The highest maximum 
range of the HNF predation rate on P2 was 
observed during the rainy and dry season of 
2003 in Kigoma (0.56 and 0.42 d-1 respec-
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Table 2: Input data * data obtained for literature (see text for details)
Kig RS03 Kig DS03 Mpu DS03 Kig RS04 Mpu RS04
Stocks (mg C m-3):
P1 13.12 8.47 30.45 13.67 19.16
P2 4.92 5.03 3.06 22.14 13.94
P3 1.96 21.33 0.56 2.87 1.01
B 16.90 31.00 33.14 23.59 20.68
HNF 1.07 1.60 3.91 2.92 3.72
Cil 0.20 0.26 2.28 1.47 0.41
Z 2.60 1.00 9.77 (2.60) (2.60)
Rates of change (mg C m-3):
P1 4.59 6.97 48.44 10.5 12.17
P2 0.93 3.94 3.84 22.3 8.83
P3 1.97 33.85 1.22 5.76 1.62
B 0.35 0.06 0.67 5.02 2.98
HNF 0.75 0.10 -0.10 1.59 1.77
Cil -0.08 -0.04 -1.93 -0.95 -0.08
Z - - - - -
Production fluxes (mg C m-3 d-1):
P1 6.62-10.56 9.95-12.36 56.69-69.41 8.89-15.88 11.01-26.42 
P2 2.35-8.83 3.36-6.95 7.74-8.94 29.67-95.55 8.37-22.95 
P3 3.19-3.64 40.08-53.06 1.62-4.57 6.53-11.82 1.33-3.74 
B 1.62-6.62 2.73-3.98 3.85-4.69 3.64-7.46 4.70-5.26 
HNF 0.35-1.03 0.54-1.26 0.00-0.48 0.72-1.71 0.00-3.49 
Cil 0.00-0.15* 0.00-0.26 0.00-1.71* 0.00-1.10* 0.00-0.31* 
Z - - - - -
Growth rates (d-1; corresponding to production fluxes):
P1  0.41-0.59 0.78-0.90 1.05-1.19 0.50-0.77 0.45-0.87
P2 0.39-1.03 0.51-0.87 1.26-1.37 0.85-1.13 0.47-0.97
P3 0.97-1.05 1.06-1.28 1.36-2.22 1.19-1.63 0.84-1.55
Bact 0.09-0.33 0.08-0.12 0.11-0.13 0.11-0.27 0.20-0.23
HNF 0.28-0.68 0.29-0.58 0.00-0.11 0.22-0.46 0.53-0.66
Ciliate 0.01-0.75* 0.00-0.69 0.00-0.75* 0.00-0.75* 0.00-0.75*
Grazing flows (mg C m-3 d-1):
P1->HNF
 
4.86-19.38 0.00-1.11 12.17-19.53 0.00-4.23 0.00-13.40 
P2->HNF 0.00-3.69 0.00-2.62 0.00-0.34 0.00-7.11 0.00-10.27 
B->HNF 1.73-2.68 0.69-2.77 0.11-2.42 0.00-3.38 0.00-2.76 
HNF->CIL 0.00-1.13 0.00-0.53 0.00-1.91 0.00-1.71 0.00-3.49 
P3->Z 0.00-2.44 0.38-8.79 0.00-1.22 0.00-2.39 0.00-0.86 
CIL->Z 0.06-0.49 0.01-0.53 n.d. 1.18-4.63 0.00-0.36 
P1->CIL 0.00-3.16 0.07-3.15 0.00-0.00 0.00-2.62 0.00-13.40 
P2->CIL 0.00-9.74 0.00-2.76 0.24-5.19 0.00-18.50 0.00-10.27 
B->CIL 0.33-6.91 0.00-3.49 0.00-6.04 0.00-3.47 0.00-2.26 
HNF->Z 0.00-0.00 0.00-0.35 0.00-0.35 0.00-0.68 0.00-1.97 
P2->Z 0.00-3.69 0.00-0.00 0.00-1.00 0.00-0.00 0.00-0.00 
Grazing rates (d-1) in function of prey consumption (corresponding to grazing flows):
P1->HNF
 
0.32-0.91 0.00-0.12 0.34-0.50 0.00-0.27 0.00-0.53 
P2->HNF 0.00-0.56 0.00-0.42 0.00-0.11 0.00-0.28 0.00-0.27 
B->HNF 0.10-0.15 0.02-0.09 0.003-0.07 0.00-0.13 0.04-0.10 
HNF->CIL 0.00-0.72 0.00-0.29 0.00-0.40 0.00-0.46 0.00-0.66 
P3->Z 0.00-0.81 0.02-0.35 0.00-1.16 0.00-0.61 0.00-0.62 
CIL->Z 0.28-1.25 0.05-1.09 n.d. 0.59-1.42 0.00-0.63 
P1->CIL 0.00-0.22 0.01-0.32 0.00-0.00 0.00-0.18 0.00-0.53 
P2->CIL 0.00-1.09 0.00-0.44 0.08-0.99 0.00-0.61 0.00-0.55 
B->CIL 0.02-0.34 0.00-0.11 0.00-0.17 0.00-0.14 0.00-0.10 
HNF->Z 0.00-0.00 0.00-0.20 0.00-0.09 0.00-0.21 0.00-0.43 
P2->Z 0.00-0.56 0.00-0.00 0.00-0.28 0.00-0.00 0.00-0.00 
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Fig. 4: Model results showing the fluxes as 
determined using Monte Carlo permutations. 
The different compartments are P1: 
picocyanobacteria, P2: chlorophytes, P3: 
diatoms, DDOC: DOC + detritus, Z: 
Mesozooplankton, CO
2
, Cil: ciliates, HNF 
and B: bacteria. Fluxes are scaled relative to 
the maximum flux. Experiment abbreviations 
as in Fig. 3 caption.
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tively). The predation of HNF on bacteria was 
generally constrained within a limited range 
between 0.00 and 0.15 d-1. The minimum 
range included 0 only in the experiment dur-
ing the rainy season of 2004 in Kigoma. The 
estimated predation rate on picocyanobacteria 
ranged from 0.00 to 0.53 d-1. No indications 
for ciliate predation on P1 were observed dur-
ing the dry season 2003 experiment in Mpu-
lungu. The minimal range for ciliate predation 
on picocyanobacteria included 0 in all experi-
ments except for the experiment during the 
dry season in Kigoma. The estimated ciliate 
predation rate on chlorophytes ranged from 
0.00 to 1.09 d-1. The minimal range differed 
from 0 only in the experiment during the dry 
season in Mpulungu. Ciliate predation on bac-
teria was constrained within a rather limited 
range (0.00 to 0.34 d-1). Minimal ciliate preda-
tion rate included 0 except for the experiment 
during the rainy season of 2003 in Kigoma.
The ranges for mesozooplankton (Z) pre-
dation on P2, P3, HNF and ciliates were esti-
mated from the grazing rates in the treatment 
receiving copepod addition. Predation rates on 
P2 ranged from 0.00 to 0.56 d-1. No indications 
for mesozooplankton grazing were observed 
during the dry season 2003 in Kigoma and the 
rainy season of 2004 at both stations. Graz-
ing rates on P3 ranged from 0.00 to 1.16 d-1. 
The minimum of the range only differed from 
0 in the dry season experiment in Kigoma. 
The mesozooplanton predation rate on HNF 
ranged from 0.00 to 0.43 d-1. The minimum 
predation rate was 0 in all experiments and 
no indications for mesozooplankton grazing 
were observed during the experiment during 
the rainy season of 2003 in Kigoma. Estimates 
of the mesozooplankton predation rate on 
ciliates ranged from 0.00 to 1.42 d-1. Although 
the experiment during the dry season of 2003 
in Mpulungu indicated a strong decrease in 
ciliate biomass, the grazing rate could not 
be accurately determined and was not used 
as input for the model, instead no constraint 
for this flow was included in the model. The 
minimum of the predation rate on ciliates was 
always higher than 0 except during the rainy 
season 2004 experiment in Mpulungu. No 
grazing rate estimates for ciliate predation 
on P3 and for copepod predation on P1 were 
obtained. These flows were not constrained by 
experimental data in the model.
The model results are shown in Table 3 
and Figs. 4 to 8. Compared to the input data, 
the inverse modelling approach generally re-
sulted in a reduction of the flow ranges of a 
�
��
��
��
��
��
��
��
��
��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
��
��
��
��������
���
��
��
��
��
��
��
��
���
�
���
��
�
��
��
��
��
�
�
��
��
���
���
��
��
��
��
�
���
��
�
��
��
��
��
�
��
��
��
���
��
��
��
��
���
��
��
�
��
��
��
��
���
��
�
��
��
��
��
�
����
����
����
����
����
����
����
����
����
����
Fig. 5: Production of the food web 
components as determined using Monte Carlo 
permutations. (A) Phytoplankton biomass; 
P1: picocyanobacteria, P2: chlorophytes, 
P3: diatoms. (B) Bacterial production. (C) 
Production of heterotrophic protozoa; ciliates 
and HNF. Experiment abbreviations as in Fig. 
3 caption.
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few % up to 100%. Strong reductions were ob-
served for HNF predation on P1 (Kig RS03), 
ciliate predation on P1 (Kig RS03, Kig DS03), 
on P2 (Mpu DS03), bacteria (Kig RS03, Mpu 
DS03) and HNF (all experiments) and meso-
zooplankton predation on HNF (Kig RS04) 
and ciliates (Kig RS03 and DS03). The final 
range selected by the model was systemati-
cally in the lower range of the original one. 
The following results are based on the 
Monte Carlo solution of the model. Fig. 4 
displays the overall structure of the food web 
during the different experiments. The general 
structure of the food web was quite constant. 
Bacteria consumed a large amount of DOC 
and have a high respiration. HNF predated on 
bacteria and small phytoplankton (P1 and P2). 
Ciliates predated on the same prey as HNF 
and also consumed HNF and diatoms. The 
mesozooplankton predated on P3 and ciliates 
and sporadically on P1 (Kig RS03 only), HNF 
(not during experiment in the Kig RS03) and 
P2 (only Mpu DS03).
The phytoplankton production was domi-
nated by the main phytoplankton group during 
the respective season (Fig. 5A): P1 during the 
rainy season 2003 in Kigoma, P3 during the 
dry season in Kigoma, P1 in Mpulungu and 
P2 (and P1) during the rainy season of 2004 at 
both stations. The net bacterial production was 
significantly higher during the rainy season at 
both stations (Fig. 5B). The net production of 
the heterotrophic nanoflagellates was highest 
during the rainy seasons, especially during the 
Fig. 6: Fluxes from and to the different 
predators as determined using Monte Carlo 
permutations. Fluxes to the predator are 
indicated above the x-axis, fluxes from the 
predator are indicated below the x-axis. Fluxes 
indicated in parentheses are too small to be 
visible in the graph. Experiment abbreviations 
as in Fig. 3 caption.
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Fig. 7: Mesozooplankton uptake of (A) 
phytoplankton and (B) heterotrophic protozoa 
showing average and standard deviation 
obtained from Monte Carlo permutations. 
Experiment abbreviations as in Fig. 3 caption.
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rainy season of 2004 (Fig. 5C). Ciliate produc-
tion inferred from the model ranged from 0.02 
to 0.85 µg C L-1 d-1 (corresponding to growth 
rates between 0.07 and 0.34 d-1). The highest 
ciliate production was observed during the dry 
season of 2003 in Kigoma.
The modelling results also pointed to dif-
ferences in the predators’ diets (Fig. 6). The 
HNF diet varied from a diet dominated by 
bacteria and picocyanobacteria (P1) to a diet 
dominated by small chlorophytes (P2): bcteria 
dominated (50%) the diet during the dry sea-
son in Kigoma, P1 dominated (57%) the diet 
during the rainy season of 2003 in Kigoma 
and during both seasons in Mpulungu (92 
and 51%). During the rainy season of 2004, 
the HNF diet was dominated by P2 (92%) in 
Kigoma. The ciliate diet was dominated by P1 
(50%) during the dry season and by P2 (52 and 
79%) during the rainy in Kigoma. During the 
dry season in Mpulungu, P2 and bacteria were 
the main component of the ciliate diet, while 
P1 and P2 were dominant during the rainy sea-
son of 2004. The mesozooplankton diet was 
dominated by P3 during the rainy (51%) and 
dry (82%), by ciliates during the rainy season 
of 2004 in Kigoma and the dry season of 2003 
in Mpulungu. During the rainy season of 2004 
HNF and P3 dominated the copepod diet in 
Mpulungu. 
The fraction of the primary production 
directly taken up by copepod grazers and the 
fraction passing through the microbial loop 
differed between the experiments (Fig. 7). The 
highest direct uptake was observed during the 
rainy (8.3% of PP) and dry (2.5% of PP) sea-
sons of 2003 in Kigoma. In the experiments 
conducted in Mpulungu, the direct uptake was 
slightly higher during the dry season compared 
to the rainy season (1.3 vs. 1.2% of PP). The 
highest uptake of heterotrophic protozoa was 
observed during the dry season in Mpulungu 
(Fig. 7B) and corresponded to 420% of the 
heterotrophic production, while the maximum 
in Kigoma was observed during the rainy sea-
son of 2004 and corresponded to 131% of the 
heterotrophic production. This difference in 
the diet of the predators was also reflected in 
the trophic level (TL) and omnivory indices 
(OI). The average trophic level of the meso-
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
��������������� �������� ���
�
��
��
��
���
��
�
�
�
��
��
��
���
��
�
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
����
Fig. 8: Trophic level (A to C) and omnivory index (D to F) for the mesozooplanton, ciliate and HNF 
predators as determined from the Monte Carlo solution. Experiment abbreviations as in Fig. 3 
caption.
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zooplankton ranged from 2.1 to 3.1. The high-
est TL was observed during the dry season in 
Mpulungu. The TL of ciliates ranged from 2.1 
to 2.4. The trophic level of HNF was situated 
in the same range as for ciliates (2.1 to 2.5) 
and was highest during the experiment in the 
dry season in Kigoma.
Discussion
In this study, results obtained from size 
fractionation experiments were integrated 
into an inverse food web model that included 
flows connecting bacteria, phytoplankton, 
HNF, ciliates, mesozooplankton, dead organic 
carbon (detritus+DOC) and CO
2
. By means 
of the inverse modelling, the originally large 
uncertainties surrounding the measurements 
from the fractionation experiments were re-
duced. For instance, several uncertain growth 
and predation rate estimates (e.g. ciliate graz-
ing on HNF and copepod grazing on ciliates) 
were strongly reduced by the model. This is 
because not all extreme measurements, as ob-
tained from the experiments can be combined 
into a consistent food web while still obeying 
mass balance or remaining physiologically 
plausible. The better delineation of the food 
web allowed assessing how food web struc-
ture changed within seasons and between sta-
tions.
Several important assumptions were ad-
opted for this model. First, we assumed that 
copepod biomass stayed constant during the 
incubations. Given the relatively short incu-
bation time, this is a reasonable assumption. 
Secondly, incomplete separation of prey from 
their predators by the filters used might have 
resulted in an underestimation of growth and 
grazing rates. This was probably the case for 
ciliates, where species larger than 28 µm were 
observed, we therefore corrected the ciliate 
grazing rates assuming a linear relation of 
grazing rate to their biomass. Thirdly diet 
composition of copepods in the experiments 
might be slightly biased towards the adults, as 
we used mainly adults in the copepod treat-
ments. Therefore, extrapolation of grazing 
rates from experiments and model to total 
copepod population in the field should be 
done with care. Finally, due to the addition of 
nutrients in all treatments, overall net primary 
production rates are probably overestimated. 
The C:Chla ratio of 35 was taken from a 
previous food web study in the lake (Sarvala 
et al. 1999). This ratio, however, was not ob-
tained from field measurements, but from 
literature data on oligotrophic lakes. Recent 
data suggest that the actual C:Chla ratio may 
be higher (CLIMLAKE, unpublished results). 
Exploratory model runs using alternative C:
Chl a ratios did not reveal qualitative changes 
to the model outcome but resulted in changes 
in the magnitude of the flows proportional to 
the chosen ratio. 
The largest uncertainties in our model 
were the fluxes from and to DOC and to CO
2
, 
for which no measurements were available. 
This prompted us to use only net flows be-
tween bacteria and DOC, which were partly 
constrained by the measured net production 
(growth-respiration) of bacteria. Similarly, 
only the net CO
2
 uptake by phytoplankton was 
considered. DOC production by phytoplank-
ton was not included as such in the model as 
only net primary production measurements 
were available. Inclusion of DOC in the model 
resulted in excess gross production to be bal-
anced by DOC excudation. Respiration rate 
measurements would have offered possibili-
ties to improve the microbial part of the food 
web model.
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The general model framework of flows 
was retained in all five experiments, with 
only consumption of P1 and P2 by copepod 
restricted to only one experiment (resp. Kig 
RS03 and Kig DS03). Nevertheless, the mag-
nitude of the major flows differed consider-
ably between the experiments. The food web 
model indicated that picocyanobacteria and 
small nanophytoplankton increased during 
the dry season upwelling in the south of the 
lake, while small nanophytoplankton and dia-
toms dominated during the period of reduced 
water column stability at the northern station 
Kigoma. This is consistent with monitoring 
data (De Wever et al. subm.; chapter 1), which 
indicated that the same phytoplankton groups 
dominate and respond to nutrient inputs into 
the epilimnion. The measured bacterial pro-
duction was higher during the rainy season. 
During the rainy season, the water column 
was more stratified and nutrients were likely 
to become limiting, ensuing higher DOC 
exudation rates (Dubinsky & Berman-Frank 
2001). This may point to differences in the 
initial DOC pool, since nutrient addition may 
have alleviated any existing nutrient limitation 
in the experiments. 
The growth rates of HNF ranging from 
0.07 to 0.61 d-1 are comparable to those ob-
served in other studies (e.g. Samuelsson & 
Andersson 2003). HNF growth rates were 
higher during the rainy season at both stations. 
The ciliate production and net growth rates 
observed during the experiments (0 to 0.12 µg 
C L-1 d-1 and 0 to 0.38 d-1) were low in com-
parison to other studies. Potential reasons for 
this low growth rate include damage during 
filtration and the presence of predatory ciliates 
in the same size class (e.g. Carrias et al. 2001). 
The growth rate of ciliates was determined in 
the treatment filtered over 28 µm. Chances for 
damage to the ciliates is much lower in the 
unfiltered treatment, which was the treatment 
modeled, therefore a maximum growth rate of 
0.75 d-1 obtained from the literature was used 
to constrain the ciliate production. This re-
sulted in a more realistic growth rate between 
0.07 and 0.34 d-1, which was higher during 
the rainy season in Kigoma and during the dry 
season in Mpulungu.
The major food item of HNF were pi-
cocyanobacteria, while they also fed on 
chlorophytes and heterotrophic bacteria. 
Ciliates consumed mainly chlorophytes, also 
picocyanobacteria and heterotrophic bacte-
ria. This main trophic link contrasts with the 
typical observation that HNF are the major 
bacterivores, while ciliates predate on pico-
plankton and HNF (e.g. Pernthaler et al. 1996, 
Samuelsson & Andersson 2003). High preda-
tion rates of HNF on picocyanobacteria were 
also observed by Safi et al. (2002) in a shal-
low coastal embayment in New Zealand. The 
ciliate community was dominated by peritrich 
ciliates, which are known to have a mainly 
bacterivorous diet (Foissner et al. 1999) and 
are considered as highly efficient fine suspen-
sion feeders (Simek et al. 1996). 
The copepod grazers clearly showed sea-
sonal changes in their diet depending on the 
presence of large phytoplankton and ciliates in 
the lake. Diatoms were the major prey during 
the dry season of 2003 in Kigoma, while cili-
ates dominated their diet during the dry season 
in Mpulungu and the rainy season of 2004 in 
Kigoma. The importance of phytoplankton 
in the copepod diet was not surprising since 
the dominant species, Tropodiaptomus sim-
plex is considered to be a herbivore (Sarvala 
et al. 1999). Burns and Schallenberg (2001) 
observed a negative impact of calanoid cope-
pods on heterotrophic protozoa in lakes with 
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different trophic status, with higher clearance 
rates in nutrient poor conditions. Although 
Sarvala et al. (2003) mentioned the possibil-
ity of copepods grazing on picocyanobacteria, 
our results do not seem to confirm this flow as 
being a major pathway. While this flow was 
considered in the model, and not constrained 
by direct measurements, this flow was ruled 
out by the model in all but one experiment 
(Kig RS03).
The higher importance of picocyano-
bacteria during the dry and rainy season in 
Mpulungu, and the higher bacterial and flag-
ellate growth rates during the rainy season at 
both stations, suggest a notable seasonality 
in the importance of the microbial food web. 
Moreover, both sampling stations seemed to 
respond differently to changes in water col-
umn stability and nutrient supply. This differ-
ence can also be observed for the fraction of 
the (net) primary production which is directly 
consumed by the mesozooplankton. Based on 
the dominant food web fluxes, the northern 
station Kigoma appeared to have a more ef-
ficient food web during the more productive 
season with a higher dominance of larger phy-
toplankton species during the dry season. The 
southern station Mpulungu on the other hand 
showed an increase in small phytoplankton 
species during the dry season, which did not 
unambiguously lead to changes in the food 
web structure. On the contrary, heterotrophic 
protozoa were a more important component of 
the mesozooplankton diet during the dry sea-
son, resulting in a significantly higher trophic 
position. Despite this difference in dominant 
primary producers and diet composition, the 
fraction of the primary production consumed 
by the mesozooplankton may be higher during 
periods of lower food availability (e.g. high-
est consumed fraction observed for Kig RS03 
experiment). It remains therefore unclear 
whether this difference in food web structure 
resulted in differences in trophic level transfer 
efficiency. In order to verify this hypothesis, 
additional data including e.g. respiration mea-
surements would be required to further reduce 
the model uncertainties as well as independent 
measurements of various flow estimates to 
validate the model.
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Summary
Lake Tanganyika, situated in the East African rift valley, is very important for the supply of 
animal protein in the countries bordering the lake. Because the high fraction of the fish produc-
tion which is yielded by the fisheries, question may rise about the sustainability of these fisher-
ies. To maintain a durable source of proteins for the local people, there is an increasing need for 
a sustainable and well-studied policy for the fisheries.
Changes in fish yield have been found to vary together with the climate. Since average 
water temperature in Lake Tanganyika is high, the thermal stratification of Lake Tanganyika is 
extremely sensitive to slight variations in temperature and wind (Lewis 1996). Southeast mon-
soon winds during the dry season result in a reduction in the water column stability in the lake 
(Langenberg et al. 2003). The extend of this reduction in stratification is determining for the 
strength of the internal waves and upwelling processes that make nutrients from the hypolim-
nion available for primary production, which in turn is important for the potential fish produc-
tion. Changes in the climate, such as ENSO-teleconnections may therefore have strong effects 
on the stratification and as such on the productivity of the lake (Plisnier 1998, 2000).
Beside the fact that the nutrient supply is determining for the potential production of the 
fish, the structure of the food web is critical for the proportion of the primary production that 
is channelled to the fish. The greater the number of trophic levels, the lower the efficiency of 
the transfer (Weisse 1991). In general, the food web structure is also dependent on the nutrient 
availability. At low nutrient concentration the picophytoplankton is supposed to be relatively 
the most important group, whereas under extensive nutrient supply larger size fractions domi-
nate the phytoplankton. These larger organisms can be eaten directly by the mesozooplankton, 
which is the main component of the diet of the planktivorous fish. Picophytoplankton on the 
other hand is not directly consumed by the mesozooplankton but is mainly consumed by pro-
tists. 
This lead to the working hypothesis that during periods of strong internal wave action and 
upwelling, during which nutrient supply is higher, the energy flux in Lake Tanganyika will be 
much more efficient due to the presence of the larger microphytoplankton. During periods of 
stable stratification, picoplankton will be much more apparent and the food web will be less 
economical.
As picophytoplankton have only been studied to a limited extend in Lake Tanganyika, the 
carbon flux in the lake has been insufficiently understood. The efficiency of this flux and the es-
timation of which part of the primary production is available for the fish has been assessed dur-
ing food web experiments and the monitoring of different (previously unstudied) components 
of the microbial food web; picophytoplankton, bacteria and heterotrophic protozoa.
A fortnightly monitoring program was conducted for the duration of 3 years at two stations: 
in the north (Kigoma) and in the south (Mpulungu) of the lake. During this program the rela-
tive importance of the picophytoplankton and the microbial food web were followed by means 
of standard counting methods including epifluorescence and inverted microscopy. Additional 
data on the physical and chemical variables were obtained from the OSTC CLIMLAKE proj-
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ect, with which there has been a close collaboration. In addition, we obtained samples during 3 
north-south transects carried out during contrasting seasons. 
This monitoring study (Chapter 1) indicated that the total phytoplankton biomass in-
creased during periods of low water column stability at both sites. The seasonal phytoplankton 
succession was however different at the two sampling sites. At the southern station Mpulungu, 
an increase in picocyanobacteria and nanophytoplankton < 5 µm was observed, while the total 
phytoplankton biomass at the northern station Kigoma increased due to enhanced diatom and 
nanophytoplankton < 5 µm growth. This difference in response of the phytoplankton com-
munity to nutrient inputs was ascribed to differences in the depth of mixing between the two 
sites, which affects the underwater light climate, the N:P ratio and the bioavailability of Fe. 
Based on vertical nutrient profiles and the nutrient budget, we expected the upwelling water in 
the south of the lake to have a lower N:P ratio. The monitoring observations on the other hand 
indicated higher nitrogen levels in the south during upwelling. This agrees with the higher N:P 
requirements of the picocyanobacterium Synechococcus sp. compared to diatoms. The potential 
role of iron limitation, which was suspected based on observations in Lake Victoria and Lake 
Malawi and observations during a preliminary experiment, was tested during nutrient enrich-
ment bioassays (chapter 5). These experiments were carried out in the north and the south 
of Lake Tanganyika during contrasting seasons. Nutrient additions resulted in an increase in 
phytoplankton biomass relative to control treatments in all experiments. HPLC pigment data 
and epifluorescence microscopy counts indicated differential stimulation of the dominant phy-
toplankton groups. Iron (Fe) additions mainly stimulated prokaryotic picophytoplankton while 
enrichments of nitrogen and phosphorus stimulated green algae and diatoms. While the stimu-
lation of chlorophytes was general, diatoms were mainly stimulated during the less stratified 
dry season at the northern station. Extended incubation (3 days) indicated co-limitation of Fe 
and NP for picocyanobacteria. Fe limitation of picocyanobacterial growth in Lake Tanganyika 
may be related to low availability of Fe (due to high pH and alkalinity) rather than to low total 
iron concentrations. The monitoring observation that picocyanobacteria increased during the 
dry season upwelling in the north may indicate that the enhanced mixing increases the bioavail-
ability of iron either by direct advection of more readily available iron (this is however not sup-
ported by an increase in dissolved iron concentrations) or due to the decrease in pH, which may 
enhance the bioavailability of iron. 
The observed difference in the occurrence and importance of diatom blooms between the 
north and the south of the lake, with a clear correlation with water column stability only ob-
served for the northern station, is intriguing and calls for further research. This may be espe-
cially be important for the interpretation of the paleolimnological diatom record in the sediment 
or changes in the Si-isotope fractionation. Field observations and nutrient addition bioassays 
lead to the hypothesis that this contrast in the phytoplankton community composition could be 
related to the differences in mixing regime between the two sites. Further understanding of the 
relation between hydrodynamics and the phytoplankton community composition would require 
on one hand a more complete picture of the lakes nutrient budget of not only nitrogen and 
phosphorus, but also of iron and on the other hand a more detailed insight in the physiological 
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requirements of the dominant phytoplankton species. A major uncertainty in the nutrient budget 
is the major source of N and the potential role of N-fixation.
In addition to the high contribution of small phytoplankton to total phytoplankton biomass 
at both sites, the monitoring results (Chapter 1) also point out a high biomass of bacteria rela-
tive to phytoplankton biomass during the whole study period. This observation during both 
seasonal monitoring and latitudinal transects indicates that the microbial food web generally 
plays an important role in the lake. In contrast to the phytoplankton, the variation in bacterial 
densities was not clearly related to the water column stability. This may be due to low grazing 
pressure on bacteria or to a relatively constant supply of dissolved organic matter in the epi-
limnion of the lake. Heterotrophic nanoflagellates increased significantly during the dry season 
upwelling in Mpulungu, when higher picocyanobacterial densities were observed. The ciliate 
community dominated by presumably bacterivorous peritrich species did not show any clear 
seasonal or spatial variation. The main variability in the importance of the microbial food web 
seems therefore primarily linked to the contribution of the picophytoplankton to the total phy-
toplankton community. 
The interactions within the microbial food web were studied during size fractionation ex-
periments (Chapter 6). These experiments were carried out in the north and the south of Lake 
Tanganyika during contrasting seasons. Ranges of growth and predation rate estimates obtained 
from the truncation of the food web were used in an inverse modelling approach, which allowed 
the estimation of unknown network flows and the reduction of the estimated flows. The experi-
ments included different size fractions (<0.8, <5, <30, <100µm, a mesozooplankton treatment 
and an unfiltered treatment) chosen in such a way to separate respectively bacteria, HNF, cili-
ates, microzooplankton and mesozooplankton. This allowed to determine the size of the major 
prey and predator species and the grazing rate of the organisms within the different size classes. 
The main difference in the food web structure is related to the change in the dominant phyto-
plankton groups between stations and seasons, as observed during the monitoring (Chapter 1). 
Copepod grazers relied mainly on larger phytoplankton and ciliates. Clear seasonal changes in 
their diet related to differences in the phytoplankton composition. Heterotrophic nanoflagellates 
(HNF) mainly fed on picocyanobacteria, while ciliates had a diet that was composed of both 
phytoplankton and heterotrophic bacteria. In general, components of the microbial food web 
became more important during higher stratification at the northern station, while at the southern 
station the importance of the microbial food web increased during dry season upwelling. Ac-
cording to our hypothesis, this difference in food web structure could result in differences in its 
efficiency. The seasonal differences in food web structure were however not clearly reflected 
in the fraction of the (net) primary production which was consumed by mesozooplankton.. Ad-
ditional measurements of DOC (dissolved organic carbon), DOC production and respiration in 
combination with the size fractionation experiment could result in considerable improvements 
of the model. Alternatively model construction based on e.g. a stable isotope approach (cfr. van 
Oevelen et al. 2006), in combination with size fractionation could be used in order to verify 
our observations. As the most obvious difference in food web structure is related to the contrast 
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in the dominant primary producers, a better understanding of the phytoplankton dynamics in 
relation to changes in water column stability would be required to establish a link between a hy-
drodynamic model and a model including both the classical and the microbial food web, which 
could thus take into account changes in the food web efficiency. 
To provide additional information on the vertical and latitudinal differences in community 
composition of the picoplankton, the genetic techniques denaturing gradient gel electrophore-
sis (DGGE) and clone library analysis were applied on samples obtained during a north-south 
transect in 2002. The results of the DGGE-analysis using prokaryotic and eukaryotic primers 
are discussed in chapter 2 and 4 respectively. Results of a 16S rDNA clone library analysis are 
discussed in chapter 3.
The results of the denaturing gradient gel electrophoresis (DGGE) analysis of PCR-am-
plified 16S rDNA fragments in chapter 2 highlight vertical and latitudinal differences in the 
bacterial community composition (BCC) in Lake Tanganyika. The dominant bands were se-
quenced and identified as members of the Cyanobacteria, Actinobacteria, Nitrospirae, Chloro-
flexi (green nonsulfur bacteria), Firmicutes division and the Gamma- and Deltaproteobacteria 
subdivision. Vertical changes in BCC were related to the thermal water column stratification, 
which influences oxygen and nutrient concentrations. Latitudinal variation was related to up-
welling of deep water and increased primary production in the south of the lake. The number of 
bands per sample increased with bacterial production in the epilimnion of the lake, suggesting 
a positive diversity-productivity relationship.
Partial sequencing of 16S rDNA clones obtained from four clone libraries constructed re-
spectively from oxic epilimnion and anoxic hypolimnion samples from the northern and the 
southern basin allowed to study the composition of bacterioplankton communities in Lake Tan-
ganyika more in detail (Chapter 3). The main bacterial divisions, Actinobacteria, Bacteroide-
tes, Cyanobacteria, Proteobacteria and Chloroflexi were detected. In contrast with freshwater 
environments in temperate and cold regions, a high number of clones belonging to Chloroflexi 
and Gammaproteobacteria and a high contribution of clones with a high similarity to sequences 
not previously detected in freshwater environments was observed. Comparison of the different 
clone libraries revealed clear differences in bacterial community composition between both 
epi- and hypolimnion and north and south. These results were in agreement with the DGGE 
study presented in chapter 3 and displayed a higher contribution of hypolimnion clones in the 
epilimnion in the south of the lake, which is probably related to the upwelling of nutrient richer 
deep water in the south of the lake.
The DGGE and clone library analysis of the prokaryotic plankton highlights the presence 
of a bacterial community composition (BCC) potentially differing from the typical composition 
in other freshwater systems. The high contribution of the bacterial (sub)divisions Chloroflexi 
and Gammaproteobacteria which are often of minor importance, combined with the high num-
ber of sequences falling outside the known freshwater clusters offers numerous opportunities 
for further research. In order to gain more insight in the BCC a multidisciplinary approach com-
bining fluorescent in situ hybridisation (FISH) with isolation and culture attempts and genetic 
techniques including DGGE and clone library construction probing both eubacteria and archaea 
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seems appropriate. The fact that we didn’t detect significant changes in the bacterial community 
composition during a preliminary incubation experiment involving nutrient addition could be 
promising for culturing efforts. Such research could not only aid the detection of new bacterial 
groups, but also reveal bacteria involved in important nutrient cycles. A clear example are the 
Annamox-bacteria which play an important role in the N-cycle and which were identified as an 
important component of the bacterioplankton during FISH-analyses performed at the EAWAG, 
Switzerland (E. Kaiser-Durish, pers. comm.). The relation between bacterial community com-
position and their function, e.g. with reference to the occurrence of ‘deep water bacteria’ at the 
surface in the south of the lake, could be tested in transplant experiments (Lindström et al. 2004, 
Langenheder et al. 2005, Langenheder et al. 2006).
This study also emphasizes the perspectives for microbial biogeography. Studies involving 
several tropical lakes differing in limnological characteristics and trophic status could answer 
the question if the BCC in tropical lakes deviates from that in temperate ones. Studies on neigh-
bouring satellite lakes, inflowing rivers, Lake Kivu (connected to Lake Tanganyika via the 
Rusizi) could reveal interesting distribution patterns. 
The community composition of small (< 5 µm) eukaryotic plankton in Lake Tanganyika 
along a latitudinal transect during the dry season of 2002 is presented in chapter 4. The results 
obtained using morphological (chapter 2) and molecular methods are compared. Morpho-
logical methods included the enumeration and identification of phytoplankton, heterotrophic 
nanoflagellates and ciliates using epifluorescence and inverted microscopy. Molecular meth-
ods comprised denaturing gradient gel electrophoresis (DGGE) analysis of PCR-amplified 
18S rDNA fragments of samples prefiltered over a 5-µm filter and sequencing of dominant 
bands. Microscopical observations suggest a dominance of autotrophic phytoplankton and 
heterotrophic nanoflagellates, while molecular analysis suggests a high importance of cili-
ates. These latter are however presumably larger than 5 µm and are among the least abundant 
organisms detected using microscopy. The absence of chlorophytes in the DGGE despite their 
high abundance observed during cell counts might point to difficulties in the extraction from 
small freshwater representatives. While microscopical analyses highlight latitudinal changes in 
the relative abundance of the different components, the DGGE analysis mainly demonstrates 
differences between organisms restricted to anoxic an oxic environments. In contrast to the 
molecular techniques involved in studying bacterial community composition, for which there 
is a fair agreement between different techniques e.g. DGGE-FISH (Kirchman & Castle 2004), 
molecular studies on eukaryotes seem far less straightforward and would likely require the use 
of different primer sets in order to pick up a wide range of organisms (Stoeck et al. 2006). The 
obtained results should therefore be regarded as a small fraction of the diversity and distribution 
patterns in eukaryotic organisms.
Briefly summarized, this study provided an important contribution to the very few long 
term monitoring records in one of the most fascinating tropical lakes in the world and provided 
insight in the functioning of its microbial food web. This study revealed remarkable seasonal 
and spatial changes in the food web structure of the lake and hints at important dynamics in 
the food web efficiency. Nutrient addition bioassays revealed an important role of iron in the 
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stimulation of picocyanobacterial growth. The work on the bacterial community composition 
in Lake Tanganyika is the first study of its kind in a tropical lake and revealed both interesting 
distribution patterns and potential differences in community composition in comparison with 
other freshwater environments study up to now.
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Het Tanganyikameer is gelegen in de Oost-Afrikaanse riftvallei en is van groot belang 
voor de aanvoer van dierlijk eiwit in de aangrenzende landen. Door de hoge bevissing, kunnen 
er vragen rijzen bij de duurzaamheid van de visserij. Om een duurzame bron van proteïnen 
voor de locale bevolking te verzekeren is er toenemende behoefte aan een duurzaam en 
wetenschappelijk onderbouwd visserijbeleid.
Veranderingen in visopbrengst blijken te variëren met klimaatsschommelingen. Aangezien 
de gemiddelde watertemperatuur in het Tanganyikameer hoog is, is de thermische stratificatie 
in het meer enorm gevoelig aan kleine variaties in termperatuur en wind (Lewis 1996). 
De zuidoostelijke moessonwind tijdens het droog seizoen resulteert in een reductie van de 
stabiliteit van de waterkolom in het meer (Langenberg et al. 2003). De mate van deze reductie 
in stratificatie is bepalend voor de intensiteit van de interne golven en upwellingsprocessen die 
nutriënten van het hypolimnion beschikbaar maken voor de primaire productie; deze primaire 
productie is op zijn beurt belangrijk voor de potentiële visproductie. Klimaatsveranderingen, 
zoals ENSO-teleconnecties kunnen een sterke invloed op de stratificatie hebben en bijgevolg 
op de productiviteit van het meer (Plisnier 1998, 2000).
Naast het feit dat de nutriëntentoevoer bepalend is voor de potentiële visproductie, is de 
voedselwebstructuur doorslaggevend voor het aandeel van de primaire productie dat wordt 
omgezet in visproductie. Hoe groter het aantal trofische niveaus, hoe lager de efficiëntie van 
de transfer (Weisse 1991). In het algemeen is de voedselwebstructuur ook afhankelijk van 
de beschikbaarheid van nutriënten. Bij een lage nutriëntenconcentratie wordt verondersteld 
dat het picofytoplankton relatief de belangrijkste groep is, terwijl bij hoge nutriëntentoevoer 
grotere grootteklasses het fytoplankton domineren. Deze grotere organismen kunnen direct 
gegeten worden door het mesozooplankton, dat de hoofdcomponent van het dieet van de 
planktivore vis vormt. Picofytoplankton anderzijds wordt niet rechtstreeks geconsumeerd door 
het mesozooplankton maar wordt hoofdzakelijk geconsumeerd door protisten. 
Dit geeft aanleiding tot de werkhypothese dat tijdens periodes van intense interne 
golfwerking en upwelling, wanneer de nutriëntentoevoer hoger is, de energietransfer in het 
Tanganyikameer efficiënter zal zijn omwille van het voorkomen van groter microfytoplankton. 
Gedurende periodes van stabiele stratificatie, zal het picoplankton belangrijker zijn en zal het 
voedselweb minder efficiënt zijn. 
Aangezien het picofytoplankton slechts in beperkte mate onderzocht is in het 
Tanganyikameer, is de koolstoftransfer in het meer onvoldoende gekend. De efficiëntie van 
deze transfer en de inschatting van het aandeel van de primaire productie dat beschikbaar is 
voor de vis werd onderzocht door middel van voedselwebexperimenten en de monitoring van 
verschillende (voorheen nog niet onderzochte) componenten van het microbiële voedselweb: 
picofytoplankton, bacteriën en heterotrofe protozoa.
Een tweewekelijks monitoringprogramma is uitgevoerd gedurende 3 jaar op twee 
staalnamelokaties: in het noorden (Kigoma) en in het zuiden (Mpulungu) van het meer. Hierbij 
werd het relatieve belang van het picofytoplankton en van het microbiële voedselweb opgevolgd 
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door middel van standaard telmethodes, met name via epifluorescentie en met de omgekeerde 
microscoop. Bijkomende data betreffende fysische en chemische variabelen werden bekomen 
via het DWTC CLIMLAKE project, waarmee er nauw werd samengewerkt. Aanvullend werden 
er stalen genomen op 3 noord-zuid transecten, tijdens de verschillende seizoenen. 
Deze monitoringstudie (Hoofdstuk 1) wees erop dat de totale fytoplanktonbiomassa 
toenam tijdens periodes van gereduceerde stabiliteit in de waterkolom, op beide locaties. De 
seizoenale fytoplanktonsuccessie was echter verschillend op de twee staalnamestations. Op 
het zuidelijke station Mpulungu werd een toename in picocyanobacteriën en nanofytoplankton 
< 5 µm vastgesteld, terwijl de totale fytoplanktonbiomassa op het noordelijk station 
Kigoma toenam tengevolge van de sterkere groei van diatomeeën en nanofytoplankton < 
5 µm. Dit verschil in respons van de fytoplanktongemeenschap op nutriëntentoevoer werd 
toegeschreven aan het verschil in de mengdiepte tussen de twee locaties, wat het lichtklimaat 
onder water, de N:P ratio en de biobeschikbaarheid van Fe beïnvloedt. Op basis van verticale 
nutriëntenprofielen en de nutriëntenbalans, verwachtten we dat de upwelling van water in het 
zuiden van het meer een lagere N:P ratio zou hebben. Anderzijds wezen waarnemingen tijdens 
de monitoring op hogere stikstofniveau’s tijdens upwelling. Dit stemt overeen met hogere 
N:P vereisten van de picocyanobacterie Synechococcus sp. in vergelijking met diatomeeën. 
De potentiële rol van ijzerlimitatie, die verwacht werd op basis van waarnemingen in het 
Victoriameer en in het Malawimeer en waarnemingen tijdens een preliminair experiment, werd 
getest tijdens nutriëntenaanrijkingsexperimenten (Hoofdstuk 5). Deze experimenten werden 
uitgevoerd in het noorden en in het zuiden van het Tanganyikameer tijdens verschillende 
seizoenen. Toevoeging van nutriënten resulteerde in een toename van fytoplanktonbiomassa 
in vergelijking met de controle behandelingen in alle experimenten. HPLC pigmentgegevens 
en tellingen met de epifluorescentie microscoop wezen op verschillende stimulatie van de 
dominante fytoplanktongroepen. Toevoeging van ijzer (Fe) stimuleerde hoofdzakelijk het 
prokaryote picofytoplankton terwijl aanrijking met stikstof en fosfor een stimulerend effect had 
voor groene algen en diatomeeën. De stimulatie van chlorofyten was algemeen waargenomen, 
terwijl diatomeeën hoofdzakelijk gestimulateerd waren tijdens het minder gestratificiëerde 
droog seizoen op de noordelijke staalnamelocatie. Langere incubatie (3 dagen) wees op co-
limitatie van Fe en NP voor picocyanobacteriën. Fe-limitatie van picocyanobacteriële groei in 
het Tanganyikameer kan eerder gerelateerd zijn aan beperkte beschikbaarheid van ijzer (omwille 
van hoge pH en alkaliniteit) dan aan lage totale beschikbaarheid van ijzer. De vaststelling tijdens 
de monitoring dat picocyanobacteriën toenamen tijdens de upwelling in het droog seizoen in 
het noorden kan erop wijzen dat de biobeschikbaarheid van ijzer toeneemt hetzij door directe 
advectie van sneller beschikbaar ijzer (dit wordt echter niet ondersteund door een toename in 
concentraties van opgelost ijzer) of door de pH-daling, die de biobeschikbaarheid van ijzer kan 
verhogen. 
De waargenomen verschillen in het voorkomen en het belang van diatomeeënbloeien tussen 
het noorden en het zuiden van het meer, waarbij een duidelijke correlatie met de stabiliteit van 
de waterkolom enkel op de noordelijke staalnamelocatie waargenomen werd, is intrigerend 
en vraagt verder onderzoek. Dit kan in het bijzonder belangrijk zijn voor de interpretatie van 
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paleolimnologische diatomeeënrecords in het sediment of veranderingen in de fractionatie 
van Si-isotopen. Veldwaarnemingen en nutriëntenaanrijkingsexperimenten gaven aanleiding 
tot de hypothese dat dit contrast in de fytoplanktonsamenstelling gerelateerd kan zijn aan 
het verschil tussen de twee locaties wat betreft de mate van menging. Verder begrip van de 
relaties tussen hydrodynamica en de fytoplanktongemeenschap zou enerzijds een vollediger 
beeld van het nutriëntenbalans van het meer vereisen - niet enkel van stikstof en fosfor, maar 
ook van ijzer - en anderzijds een gedetailleerder inzicht in de fysiologische vereisten van de 
dominante fytoplanktonsoorten. Een grote onzekerheid in het nutriëntenbudget is bijvoorbeeld 
de voornaamste bron van stikstof en de potentiële rol van stikstoffixatie. 
Naast de hoge bijdrage van klein fytoplankton tot de totale biomassa op beide locaties, 
wijzen de resultaten van de monitoring (Hoofdstuk 1) eveneens op een hoge biomassa van 
bacteriën in vergelijking met de fytoplanktonbiomassa tijdens de gehele bestudeerde periode. 
Deze waarneming bij zowel de seizoenale monitoring als bij de latitudinale transecten wijst 
er op dat het microbieel voedselweb over het algemeen een belangrijke rol speelt in het meer. 
In tegenstelling tot het fytoplankton was de variatie in bacteriedeniteiten niet duidelijk gelinkt 
aan de stabiliteit van de waterkolom. Dit kan te wijten zijn aan een lage graasdruk op bacteriën 
of aan een relatieve constante toevoer van opgeloste organische materie in het epilimnion 
van het meer. Heterotrofe nanoflagellaten namen significant toe gedurende upwelling in het 
droog seizoen in Mpulungu, wanneer hogere densiteiten van picocyanobacteriën werden 
waargenomen. De ciliatengemeenschap gedomineerd door voornamelijk bacterivore peritriche 
soorten vertoonde geen duidelijke seizoenale of ruimtelijke variatie. De belangrijkste variatie in 
het belang van het microbieel voedselweb blijkt dus voornamelijk gelinkt aan de bijdrage van 
het picofytoplankton tot de totale fytoplanktongemeenschap. 
De interacties binnen het microbiële voedselweb werden onderzocht aan de hand van 
experimenten met fractionatie op basis van afmetingen (Hoofdstuk 6). Deze experimenten 
werden uitgevoerd in het noorden en het zuiden van het Tanganyikameer tijdens verschillende 
seizoenen. Schattingen van het bereik van groei- en predatiesnelheid bekomen via inkorting 
van het voedselweb werden gebruikt voor inverse modellering. Deze modellering liet toe een 
inschatting te maken van ongekende netwerk fluxen en de geschatte fluxen te reduceren. De 
experimenten omvatten verschillende grootteklasses (<0,8; <5; <30, <100µm, een mesozoöpl
anktonbehandeling en een ongefilterde behandeling) zo gekozen dat respectievelijk bacteriën, 
HNF, ciliaten, microzoöplankton en mesozoöplankton gescheiden werden. Dit liet toe om 
de grootte van de voornaamste prooi- en predatorsoort te bepalen alsook de graassnelheid 
van de organismen binnen de verschillende grootteklasses. Het belangrijkste verschil in de 
voedselwebstructuur is gerelateerd aan de verandering in de dominante fytoplanktongroepen 
tussen de locaties en de seizoenen, zoals waargenomen tijdens de monitoring (Hoofdstuk 1). 
Copepoden graasden hoofdzakelijk op groter fytoplankton en ciliaten. Duidelijke seizoenale 
veranderingen in hun dieet staan in verband met de verschillen in de fytoplanktongemeenschap. 
Heterotrofe nanoflagellaten (HNF) graasden voornamelijk op picocyanobacteriën, terwijl het 
dieet van ciliaten bestond uit zowel fytoplankton als heterotrofe bacteriën. Over het algemeen 
werden componenten van het voedselweb belangrijker tijdens sterkere stratificatie in de 
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noordelijke locatie, terwijl in de zuidelijke locatie het belang van het microbieel voedselweb 
toenam tijdens upwelling in het droog seizoen. In overeenstemming met onze hypothese, kan dit 
verschil in voedselwebstructuur resulteren in verschillen in de efficiëntie van het voedselweb. 
De seizoenale verschillen in voedselwebstructuur waren hoe dan ook niet duidelijk zichtbaar in 
de fractie van de (netto) primaire productie die geconsumeerd werd door het mesozoöplankton. 
Bijkomende metingen van DOC (opgelost organisch koolstof), DOC-productie en respiratie 
in combinatie met experimenten met fractionatie op basis van afmetingen kunnen leiden tot 
aanzienlijke verbeteringen in het model. Een alternatieve modelconstructie op basis van bv. een 
stabiele isotopenbenadering (cfr. van Oevelen et al. 2006), in combinatie met groottefractionatie 
kan gebruikt worden om onze waarnemingen te verifiëren. Aangezien het duidelijkste verschil 
in voedselwebstructuur is gerelateerd aan het contrast in de dominante primaire producenten, 
is een beter inzicht in de fytoplanktondynamiek in relatie met de veranderingen in stabiliteit 
van de waterkolom vereist om een link te bekomen tussen een hydrodynamisch model en een 
model dat zowel het klassieke als het microbiële voedselweb omvat, op die manier kunnen de 
veranderingen in efficiëntie in het voedselweb in rekening gebracht worden. 
Om bijkomende informatie omtrent de verticale en latitudinale verschillen in picoplankton 
te verkrijgen, werden de genetische technieken denaturing gradient gel electrophoresis (DGGE) 
en analyse van de klonenbibliotheek toegepast op stalen genomen tijdens een noord-zuid 
transect in 2002. De resultaten van de DGGE-analyse met prokaryote en eukaryote primers zijn 
besproken in respectievelijk hoofstuk 2 en 4. De resultaten van de analyse van de 16S rDNA 
klonenbibliotheek zijn besproken in hoofdstuk 3.
De resultaten van de denaturing gradient gel electrophoresis (DGGE) analyse van PCR-
geämplificeerde 16S rDNA fragmenten in hoofdstuk 2 benadrukten de verticale en latitudinale 
verschillen in de samenstelling van de bacteriële gemeenschap in het Tanganyikameer. De 
dominante banden werden gesequeneerd en geïdentificeerd als vertegenwoordigers van de 
Cyanobacteria, Actinobacteria, Nitrospirae, Chloroflexi, Firmicutes divisie en de Gamma- en 
Deltaproteobacteriën subdivisie. Verticale veranderingen in de samenstelling van de bacteriële 
gemeenschap waren gerelateerd aan de thermale stratificatie van de waterkolom, die zuurstof- 
en and nutriëntenconcentraties beïnvloedt. Latitudinale variatie was gerelateerd aan upwelling 
van diep water en toegenomen primaire productie in het zuiden van het meer. Het aantal banden 
per staal nam toe met de bacteriële productie in het epilimnion van het meer, wat een positieve 
diversiteit-productiviteit verhouding suggereert.
Partiële sequenering van 16S rDNA klonen verkregen uit vier klonenbibliotheken 
respectievelijk samengesteld uit oxisch epilimnion en anoxisch hypolimnion stalen van het 
noordelijk en het zuidelijk bekken lieten toe om de samenstelling van de bacterioplankton 
gemeenschappen in het Tanganyikameer meer in detail te onderzoeken (Hoofdstuk 3). De 
voornaamste bacteriële divisies, Actinobacteria, Bacteroidetes, Cyanobacteria, Proteobacteria 
en Chloroflexi werden aangetroffen. In contrast met zoetwatermilieus in gematigde en koude 
streken werd een groot aantal klonen behorende tot Chloroflexi en Gammaproteobacteria 
waargenomen en een aanzienlijk aandeel klonen dat een grote gelijkenis vertoont met 
sequenties die voorheen nog niet waren waargenomen in zoetwatermilieus. Vergelijking van 
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de verschillende klonenbibliotheken wezen op duidelijke verschillen in samenstelling van 
de bacteriële gemeenschap tussen zowel epi- en hypolimnion als tussen noord en zuid. Deze 
resultaten stemden overeen met de DGGE studie besproken in hoofdstuk 3 en toonden aan dat 
de klonen dominant in het hypolimnion in belangrijke mate voorkomen in het epilimnion in 
het zuiden van het meer. Dit is waarschijnlijk gerelateerd aan de upwelling van nutriëntenrijker 
diep water in het zuiden van het meer.
De DGGE en analyse van de klonenbibliotheek van het prokaryote plankton wijst op de 
aanwezigheid van een uitzonderlijke samenstelling van de bacteriële gemeenschap die potentieel 
verschilt van de typische samenstelling in andere zoetwatersystemen. Het grote aandeel van de 
bacteriële (sub)divisies Chloroflexi en Gammaproteobacteria die vaak van minder belang zijn 
in combinatie met het grote aantal sequenties dat buiten de gekende zoetwaterclusters valt biedt 
talrijke mogelijkheden voor verder onderzoek. Om een beter inzicht in de samenstelling van 
de bacteriële gemeenschap te krijgen lijkt een multidisciplinaire benadering in combinatie met 
fluorescente in situ hybridisatie (FISH) met isolatie en pogingen tot het kweken van bacteriën 
en genetische technieken zoals DGGE en samenstelling van een klonenbibliotheek gericht 
op zowel eubacteriën en archaea zinvol. Het feit dat we geen significante veranderingen in 
samenstelling van de bacteriële gemeenschap detecteerden tijdens een preliminair incubatie-
experiment met toevoeging van nutriënten is veelbelovend. Dergelijk onderzoek kan niet 
enkel resulteren in de opsporing van nieuwe bacteriële groepen, maar eveneens resulteren in 
de detectie van bacteriën die een belangrijke rol spelen in de nutriëntencycli. Een duidelijk 
voorbeeld zijn de Annamox-bacteriën die een belangrijke rol spelen in de N-cyclus en die 
geïdentificeerd waren als een belangrijke component van het bacterioplankton bij FISH-
analyses uitgevoerd aan de EAWAG, Switzerland (E. Kaiser-Durish, pers. comm.). De relatie 
tussen de samenstelling van de bacteriële gemeenschap en hun functie, bv. met verwijzing naar 
het voorkomen van ‘diep water bacteriën’ aan de oppervlakte in het zuiden van het meer, kan 
getest worden aan de hand van transplantie-experimenten (Lindström et al. 2004, Langenheder 
et al. 2005, Langenheder et al. 2006).
Deze studie benadrukt eveneens de perspectieven voor microbiële biogeografie. 
Studies met betrekking tot verschillende tropische meren die verschillen in limnologische 
eigenschappen en trofische status kunnen de vraag beantwoorden of de samenstelling van de 
bacteriële gemeenschap in tropische meren verschilt van deze in gematigde meren. Studies op 
omliggende meren, instromende rivieren, het Kivumeer (verbonden met het Tanganyikameer 
via de Rusizi) kunnen interessante verspreidingspatronen aantonen. 
De samenstelling van de gemeenschap van klein (< 5 µm) eukaryoot plankton in het 
Tanganyikameer langsheen een latitudinaal transect tijdens het droog seizoen van 2002 is 
voorgesteld in hoofdstuk 4. De resultaten verkregen via morfologische (hoofdstuk 2) en 
moleculaire methoden werden vergeleken. De gebruikte morfologische methoden omvatten 
de telling en identificatie van fytoplankton, heterotrofe nanoflagellaten (HNF) en ciliaten 
met epifluorescentie en de omgekeerde microscoop. Moleculaire methoden omvatten 
denaturing gradient gel electrophoresis (DGGE) van PCR-geämplificeerde 18S rDNA 
fragmenten van stalen die voorgefilterd waren over een 5-µm filter en sequenering van de 
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dominante banden. Microscopische waarnemingen suggereren een dominantie van autotroof 
fytoplankton en heterotrofe nanoflagellaten, terwijl moleculaire analyse een groot belang 
van ciliaten suggereert. Deze laatste zijn echter vermoedelijk groter dan 5 µm en behoren tot 
de minst abundante organismen gedetecteerd aan de hand van microscopie. De afwezigheid 
van chlorofyten in de DGGE ondanks hun hoge abundantie bij de celtellingen zou kunnen 
wijzen op moeilijkheden bij de extractie van kleine zoetwatersoorten. Terwijl  microscopische 
analyses wijzen op latitudinale veranderingen in de relatieve abundantie van de verschillende 
componenten, toont de DGGE analyse hoofdzakelijk de verschillen tussen organismen met een 
beperkte verspreiding in anoxische en oxische milieus aan. In tegenstelling tot de moleculaire 
technieken die gebruikt worden voor het bestuderen van de bacteriegemeenschap, waarbij 
verschillende technieken gelijkaardige resultaten opleveren bvb. DGGE t.o.v. FISH (Kirchman 
& Castle 2004), blijken de technieken voor het bestuderen van eukaryoten minder evident en is 
het gebruik van meerdere primers vermoedelijk noodzakelijk voor het oppikken van een brede 
waaier van organismen (Stoeck et al. 2006). De bekomen patronen dienen daarom beschouwd te 
worden als een kleine fractie van de aanwezige diversiteit en bijhorende distributiepatronen. 
Kort samengevat leverde deze studie een belangrijke bijdrage tot de lange-termijn 
monitoringgegevens in een van de meest fascinerende meren op aarde en zorgde voor een 
beter inzicht in de structuur en het functioneren van het microbiële voedselweb. Deze studie 
toonde opmerkelijke seizoenale en ruimtelijke veranderingen in de voedselwebstructuur aan 
die mogelijk samenhangen met een belangrijke dynamiek in de efficiëntie van het voedselweb. 
Nutriëntenadditie experimenten wezen op een belangrijke rol van ijzer in het stimuleren van 
de groei van picocyanobacteriën. Het tijdens deze studie uitgevoerde moleculaire werk naar 
de bacteriële gemeenschapsstructuur, is de eerste studie in een tropisch meer en wees zowel 
op het voorkomen van interessante verspreidingspatronen als op mogelijke verschillen in de 
gemeenschapssamenstelling ten opzichte van de tot nu toe onderzochte gematigde meren.
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